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Summary

The increasing demand for higher data rates in wireless communication
systems has led to the more effective and efficient use of all allocated
frequency bands. In order to use the whole bandwidth at maximum
efficiency, one needs to have RF power amplifiers with a higher linear
level and memory-less performance. This is considered to be a major
challenge to circuit designers. In this thesis the linearity and memory are
studied and examined via the behaviour of the inter-modulation distortion
(IMD). A major source of the in-band distortion can be shown to be
influenced by the out-of-band impedances presented at either the input or
the output of the device, especially those impedances terminated the low
frequency (IF) components. Thus, in order to regulate the in-band
distortion, the out of-band distortion must be controllable. This has
necessitated the development of an upgraded measurement system, where,
for the first time, the IF measurement system power is scaled up and
extended from approximately 2W to approximately 100W. This was
made possible by the design of high power IF bias tee and its integration
with a high power IF test-set.

The investigation of the influence of out of-band distortion, particularly
that at the low frequencies, generally referred to as base-band memory
effects, on in-band distortion in high power LDMOS devices, has been
made possible by the development of this pioneering, high-power
modulated waveform measurement system since it allows for the
observation and control of all relevant frequency components (RF, IF and
DC). This measurement system is capable of handling IF and RF power
levels in excess of 100W with bandwidths ranging from approximately 10
kHz to approximately 12GHz, which makes it particularly appropriate for
the characterisation of devices wused in base-station mobile

communications system applications
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These subsequent measurements demonstrate that the bandwidth, over
which the base-band impedances must be controlled, should be extended
beyond the generally accepted value of twice to at least four times the
modulated bandwidth. Moreover, the measurement system permitted an
intensive investigation of the base-band impedance terminations variations
on inter-modulation distortion allowing an optimum to be found that
minimise overall in-band distortion (circuit linearisation technique).
Hence, indicating that it may be possible to meet the 3" Generation
Partnership Project (3GPP) standards for the maximum allowable adjacent
channel leakage ratio (ACLR) in mobile terminals without using any extra
linearisation techniques such as predistortion. These important
observations have significant implications for modern PA linearisation
techniques, as well as requiring careful consideration when designing PA

bias networks.
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CHAPTER 1

Introduction

1.1. Introduction

The evolution of 3" generation (3G) and 4™ generation (4G) mobile
communication services has generated more concerns about the
development of the required power amplifiers of any communication
system to date. 3G comes under the umbrella of the International Mobile
Telecommunications programme (IMT-2000) which employs wideband
code division multiple access (W-CDMA), achieving a transmission rate
of 2 Mbit/s with a 5-MHz frequency bandwidth. The third generation of
mobile communication systems is designed for applications such as
Internet services, e-mail, database retrieval, video telephony, interactive

video and sound (music and TV).

Despite the enhanced features of 3G systems, they are still severely
constrained by bandwidth - particularly when handling full-motion video.

New mobile communication services and applications require a higher
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data bit rate that demands a larger bandwidth. The imperative to support
these services and applications indicates the existing need for larger
bandwidth. The 4™ generation (4G) communication system will be
capable of providing 100 Mbit/s and 1 Gbit/s speeds using channel
bandwidths of 1.25 to 23 MHz and hence offering better quality (e.g.

multimedia, video and sound).

The radio frequency (RF) power amplifier (PA) in base station systems is
typically the most costly component. The increasing number of mobile
users, combined with a growing demand for a higher data rate has driven
RF designers to try and effectively utilise the entire allocated bandwidth to
its maximum potential. This would require the designing of a linear power
amplifier capable of producing a linear response over a wide bandwidth.
Intensive research into the linearity of RF power amplifier of wireless

communication has become a global focus.

The maximum allowable adjacent channel leakage ratio (ACLR) for
mobile terminals are -33dBc and -43dBc for 5 MHz and 10 MHz
respectively [1] [2]. Otherwise, distortion into adjacent channels and error
in detection of the desired signal may occur. A typical value of carrier to
inter-modulation (C/I) ratio for a linear power amplifier is 30 dB or more
[3] [4]. The main technology for the implementation of 3" generation
(3G) cellular systems is wideband code division multiple access (W-
CDMA). Its ACLR is illustrated in Figure 1. To minimise the
interference between the channels, the slope of the window should be
ideally as sharp as possible, and the inter-modulation distortion (IMD)

ought to be kept to a minimum level.
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04B

-33dB

-43d8

Figure 1.1 Illustration of the maximum ACLR vs. output power allowed by 3GPP.

To meet these challenging standards, RF power amplifier manufacturers
and circuit designers must come up with a development approach allowing
for high linear power amplifier behaviour, in order to use the whole

available bandwidth in an efficient way.

Circuit designers have two main strategies for achieving a higher linear
level: terminating the DUT to proper impedance through source and/or

load pull or using one of the available linearisation techniques.

Linearisation techniques can be used to achieve a linear PA performance.
However, PA memory effects, which can be defined in case of two-tone
measurement as changes in the amplitude or phase of distortion
components (IMD) caused by changes in modulation frequency (Aw),
restricts the linearisation improvement capability and makes linearisation

techniques more difficult to implement [5] [6].
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Memory effects in microwave PAs are generally attributable to a number
of physical processes that involve thermal [7], electrical [8] and surface
effects [9]. Electrical memory, particularly the base-band electrical
memory effect, is generally considered to be the major contributor.
Therefore, one obvious way to develop a more complete understanding of
memory and its origins is to attempt to eliminate the most likely
contributing factor, base-band electrical memory, and then measure and
analyse any residual effects which must be due to combination of the

others.

Full investigation of electrical memory effect requires a thorough
examination of all impedances presented across the complete frequency
spectral (preferably from DC to some n™ RF harmonic). Unfortunately
current commercial measurement systems do not accommodate low
frequency impedance due to limitations in the technology utilised, i.e. high

power couplers, at these frequencies [10] [11] [12].

The difficulty of investigating low frequency electrical memory is further
compounded by the fact that ideally the biasing network should have zero
impedance over the whole low frequency (IF) ranges. Otherwise, AC
voltages may be generated and added to the power supply voltage, causing
additional amplitude and/or phase modulation, which will then result in
asymmetry in the IMD [3] [8]. In the case of 5 MHz W-CDMA signals,
for example, such a bias network needs to be constant and ideally zero for
at least eight decades of bandwidth. In contrast, designing a matching
network with constant impedance for the RF frequency and its first 5
harmonics requires only one decade of bandwidth. This highlights the

complexity of bias network design.
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It is the significant impact of low frequency impedance on the
performance of high power amplifiers that has motivated this thesis work
towards developing and building a new measurement system suitable for
characterising the performance of high power RF power amplifiers that is
capable of both measuring and engineering the low frequency signal

component.

The previously developed Cardiff waveform measurement system that
incorporated an IF measurement capability could unfortunately only
handle power levels of around 2W making it unsuitable for characterising

high power devices.

The main objective of this thesis was to develop and scale up the existing
Cardiff waveform measurement system that included the IF component
from approximately 2W to about 100W with at least 8 decades of IF
bandwidth. Thus making it suitable, for example, for W-CDMA systems.
This development has led to realisation of a pioneering IF and RF
waveform measurement system capable for the first time of handling
power up to 100W. The new high power IF and RF measurement system
is capable of fully controlling the input and output impedances at a
frequency range of approximately 10KHz to 12GHz permitting an
investigation of high power amplifier performance, not only appropriate
for high frequency electrical memory effect but also for low frequency

(base-band) electrical memory effect.



1.2. Organization of the Thesis

Basic background and theory of power amplifier linearity are discussed in

chapter 2.

Chapter 3 gives an introduction to the modus operandi of the current
measurement system (high RF power but low IF power). Chapter 3
provides also an overview of waveform engineering including source and
load pull concepts. It includes a comparison between IF passive and
active load pull using the new measurement system, followed by the

proposed RF and IF high power measurement system.

Chapter 4 cover the development of the high power IF test-set which has
required high power components. The main components in the IF
measurement system are the directional coupler and the bias tee. The IF
directional couplers were replaced with commercially available directional
couplers providing the IF test set with a bandwidth of 100KHz-1GHz and
a maximum power of 100W CW. Despite substantial efforts it was not
possible to source a suitable IF bias tee capable of handling high DC and
IF voltage and currents over a large bandwidth. Therefore, it was
necessary to design suitable IF bias tees on site to complete the
architecture of the IF set. The design, implementation and manufacturing
process of the high power IF bias tee are explained in chapter 4, followed
by testing and validation of the whole system. This has resulted in a new
high power measurement system incorporating both RF and IF
measurement and engineering functionality with a groundbreaking 100W

power handing capability.

This measurement system is built for the purpose of characterising the
linearity and memory effects observed in high power RF amplifiers at both

low and high frequencies at power levels from 10 to 100W.
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Chapter 5 provides an overview of testing, operation and validation of the
whole system. It includes a comparison between IF passive and active
load pull using the new measurement system, indicating the impossibility
of using the IF passive load system to load pull very low frequency
impedances anywhere around the smith chart. This highlights the
dominance of the active over the passive IF load pull in the base-band

region.

Detailed investigation of base-band memory effect is presented in chapter
6 using high power LDMOS devices. The results show that the bandwidth
over which the base-band impedances are to be controlled must be
extended to at least four times the modulated bandwidth. The results also
highlight the existence of optimum IF impedance terminations that

minimise overall in-band distortion.

The conclusion of the work is in chapter 7 with suggestions for future

work.
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CHAPTER 2

Background Theory of Power Amplifier

2.1. Linearity

Practically speaking active RF power amplifiers are not linear in their
operation. If the active device is driven hard with input RF power,
undesirable spurious signals collectively known as ‘distortion’ will be
generated. The linearity of the device is dependant on how much
distortion is generated. The two most widely used measures of linearity

are 1dB Compression point and third order interception point.
2.1.1. 1dB Compression Point (P1dB)

An increase in input power causes the measured output power to roll off
resulting in a drop in gain known as gain compression: a measure of the
linearity of a device. The 1 dB compression point, which is defined as the
point where the actual fundamental output power level is a 1dB less than

the ideal one, determined from a slope of 1:1, due to device saturation. An

10



High Power Waveform Measurement System Enabling Characterisation of High Power

Devices Including Memory Effects -A.A Alghanim

example of the 1dB compression point is shown in Figure 2.1, where at an
input power of about 18 dBm, the actual output power is 1 dB less than the
ideal characteristic. At this point, the correlation of 1:1 is no longer valid.
An increase in the input power, however, will still increase the RF output
power even at 7dBm above the one dB compression point, but at a much

lower rate and with a much sharply clipped voltage or current waveforms.

40

1 dB compression point Ideal characteristic--—
\

Actual characteristic

Pout(dBm)

20 ;
1:1 slope

10

-5 0 5 10 15 20 25

Pin(dBm)

Figure 2.1Measured 1 dB compression point of 12W LDMOS amplifier

2.1.2. Third Order Interception Point (IP3)

Third order intercept point (IP3 or TOI) is another figure of merit that can be
used to characterise the linearity of RF power amplifiers, particularly before
compression [1] [2]. The higher the IP3, the lower the distortion, and
therefore the more linear the power amplifier. The third order intercept point
based on inter-modulation products can be defined in a similar manner to that of

the 1 dB compression point: as the intercept point at which the fundamental

11
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output, slope of 1:1, and the two-tone third order distortion product, slope of
3:1, intersect. This intercept point is purely a mathematical concept, and does
not correspond to a physical power level. In many cases, the intercept point
can not actually be reached in practice and lies beyond the damage threshold

of the device.

For every dB increase in input power, the third order products will increase by
3 dB and therefore, this point is sometimes referred to as a 3:1 slope. The third
order law says that the inter-modulation product grows to the power of
three, in proportion to the input amplitude. However, this must be based
on the assumption that the device is fully described by this particular
power series. Figure 2.2 below shows that the third order intercept point is

about 10 dB above the 1dB compression point, as can be expected [3].

It should be noted that neither the 1:1 nor 3:1 slope are valid for high input
drive levels and therefore the device cannot be described by only three-
order terms. Thus, as soon as the fundamental and the third order inter-

modulation distortion signals compress, the extrapolated IP3 will be

different [1, 4].

12
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::::::

3rd order
intercept point

Pout(dBm)

0 10 20 30 40
Pin(dBm)

Figure 2.2 Illustration of measured third-order intercept for 12W LDMOS amplifier

2.2. Two-Tone Test

A convenient way to characterise the nonlinearity of RF power amplifiers is to

use a two-tone test [1]. For a two-tone case with an input signal of the form:

vi(t)=Aicos(27 f t) 2.1
va(t)=Ascos(27 ft) (2.2)
v(#) = v+ vi2 = Arcos (a1t) + Azcos (w2t) (2.3)
the output current would be:
6= 5 aev() 2.4)
n=0
=a.+aov(t)+a.ev:(t)+...a.ev(f) 2.5)

13
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In (2.3) A; and A; are the amplitude of the input signal and ®; and w; are

the fundamental frequencies.

2.3. Linear Amplifier (First-Order Characteristic)

For a perfect linear amplifier, the input-output characteristic in (2.5) would
have a linear response and can be modelled as:

i(t)=aev(t) (2.6)

where a.,a.,...a.-0 and a.would be equal to the gain or attenuation of the
system and the output would have the form i(¢¥)=av(t). Figure 2.3

illustrates the input output behaviour of the linear system in frequency

domain.
Amplitude Amplitude
W1 W2
) w2 X(t) .__D_—. Y(® H
£ =
o
>
Ao

.,

(V]

Figure 2.3 Frequency spectrum of Input and output signals of linear amplifier.

2.4. Non-linear Amplifier

Applying two signals or more of varying frequency to a non linear system will
produce an output of the fundamental ®; and ®w,, which may be amplified or
attenuated, as well as their harmonics with the unwanted sum and difference
frequencies. The output frequency components of the two-tone input

signal can be computed using:

14
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moi+n®: where m & n are integers 2.7

These unwanted signals are called inter-modulation distortion (IMD), although
harmonics components are not usually included as part of the inter-modulation.
The higher-order terms a.®v:(f)+....a.ev(¢) in (2.5) generate inter-modulation
products, which appear within the in-band (close to the fundamental tones)

or out-of-band region (far from the fundamental tones).

2.4.1. Second-Order Characteristic

For a system that exhibits second-order nonlinearity, the transfer characteristic
would be the one identified in (2.6) with the addition of a second term as

follow:
i()y=aev(t)+a.ev'(¢t) (2.8)

The transfer characteristic of this form is referred to second-order due to the
squared term in (2.8). This equation (2.8) is presented graphically in Figure
2.4. Note that the second-order terms produce second order products at
frequencies 2w;, 20; and o+ ®; (all in the second harmonics band) in
addition to ;- ®; (in the DC & IF band). These components are out-off-
band terms and not in-band (see Figure 2.4). In general, even-order terms

generate out-of-band distortion.
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ure 2.4 Two-tone spectrums up to second-order component polynomial transfer characteristic.
2.4.2. Third-Order Characteristic
The transfer characteristic with third-order terms is as follows:
i()=aev()+a.ev' () +a ev'(r) (2.9)
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Third-order terms at frequency 2m-0; and 2m;-0; are the most interesting
inter-modulation products since they fall within the channel bandwidth.

Generally speaking, odd-order terms generate in-band distortion.

Figure 2.5 shows the output signals ®; and w;, in addition to the unwanted
distortion generated by the non-linear behaviour of the RF power amplifier up

to the third-order.

Figure 2.6 and Figure 2.7 show the fourth-order and fifth-order nonlinearity

respectively.
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Figure 2.5 Two-tone spectrums up to third-order component polynomial transfer characteristic.
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Figure 2.7 Two-tone spectrum up to fifth-order component polynomial transfer characteristic.
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2.5. In-Band Distortion

In-band distortions are those inter-modulation products that fall within or
close to the channel bandwidth, i.e. close to the fundamental frequencies
o and o, and therefore cannot be easily removed. Because of their impact
on the performance of RF power amplifiers; these products are of most
interest, especially the third-order components at frequency 2m;-0; (IM3g)
and 2m;- ©; (IM3yh), which are located close to the required signal. They
cannot therefore be easily filtered out, and are more important than the
higher odd-number orders (such as IMs, IM5y...etc) due to their lower
amplitudes, particularly at low input level. In-band distortion frequencies

are present when [1]:

To find the in-band third order components of the two tone inputs, ©; and

®2, jmjxjn] and m+n must equal to 3 and 1 respectively, which will result
for example, in amplitude at frequencies of 2w;-®; and 2m;-0; of %a3A3.
For the in-band fifth-order components |m[tjn|=5 and m+n =1 will produce
frequencies 3w0;-2w; and 3®;-2m; of amplitudes—Z—aSAs, and so on for the

higher in-band order components.

2.6. Out-of-Band Distortion

Unlike in-band products, out-of-band products are remote from the
fundamental signals and therefore they can be easily filtered [1]. The

fifth-order out-of-band spectra consists of five frequency bands, namely
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the base-band (DC and IF band) as well as four harmonics bands (falling
to the right of the in-band region) as can be seen in Figure 2.7. Because of
their distance from the fundamental signals, out of-band components are
usually utilised in the control of in-band distortion, which occurs in close
proximity to the requisite fundamental signal and is consequently quite
difficult to directly filter without compromising the desired signal.
Therefore, out-of-band distortion components are considered to be a very
important factor in terms of their effects on the behaviour of in-band
distortion [5] [6] [7] [8].

Out of-band distortion frequencies are present when [1]:
m+n#1 (2.11)

The IF band (including DC) consists of the base-band components caused
by those components of an even-number order such as second-order w;- o,
(IF,); fourth-order 2w,;-2m; (IF>); sixth-order s 3mw,;-3®; (IF3) and so forth,
together with the harmonic bands generated by second-and higher-order
components. Examples of this are the second-order products 2w;, 2w, and
o1+, in the second harmonic zone; the third order components 30;, 3w,
2m1+to; and 2w;+m; in the third harmonic zone and so on. Figure 2.7

illustrates a typical spectrum up to fifth-order nonlinearity.

To expand (2.5) to include all the distortion products up to the fifth order
requires inserting equation (2.3) into (2.5) for A;=A; to the fifth degree

will yield an output signal:

io(t) = a0+ a[Aicos(mit) + A cos(wat )]

+a[Aicos(wit )+ A.cos(@:t )]

+as[Ascos(mit)+ A:cos (@t )J (2.12)
+afAicos(wit) + Azcos(w:t)]'

+asAicos(wit)+ Azcos(wat )]’
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Equation (2.12) could result in a negative frequency but only positive
value are considered. Using the well-known trigonometric functions

yields the following results:
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The advantage of the two-tone test is its ability to vary the envelope maximum
of the input signal in order to test the device over its whole transfer
characteristic range. It is therefore a suitable tool with which the effect of the

base-band impedance on linearity and memory effect can be studied.
2.7. Memory Effects in RF Power Amplifier

RF power amplifier devices can be classified into two systems, namely
memory-less systems and systems with memory. The nonlinearity input-
output relation of memory-less systems can be described using Taylor

expansion as:

i(t) = ’21: a.ev'(t) (2.13)
n=0

=a.+aev(it)+a.ev(t)+..a.eV (1) 2.19)

Where a.,a.,a.,...a, are real valued nonlinearity coefficients and n is the

maximum order of nonlinearity. Coefficient a, is the DC offset, a, is the
linear component, a; is the nonlinearity second order, a, is the nonlinearity

nth order.

For a linear system, the input-output characteristic in (1.14) is modelled

asi¢) = a1 ® vy, where ao,az,...an=0 and aiwould be equal to the gain of the

system. Interference in this case relates to only AM-AM behaviour.

For a non-linear system with memory the input-output relation can be

described as:
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i(t)= f a.ev'(t) (2.15)
n=0

=a,+arov(t)+a:ev (t) +...a. 0V (t) (2.16)
Where a.,a.,a.,...a. can be complex valued nonlinearity coefficients [9].

For a linear system with memory, the input-output characteristic in (2.16)

is modelled asi¢) = a1 ® v(), where a.,a.,...a- =0 and awould be equal to the

gain of the system.

Interference between signals may again cause distortion, which can
pervade the bandwidth allocated for the information (desired) signal.
However, in this case distortion relates to both AM-AM and AM-PM
behaviour and the distortion will dependent of the tone separation
frequency. Based on the behaviour of the distortion, devices can be

classified into memory-less devices or devices with memory.
2.8. Memory-Less Devices

In a practical environment, devices in their natural state are not linear;
therefore, they would produce some distortion at their output as a response
to the applied input signal. It is noteworthy that distortion itself is not a
memory effect. Nevertheless, a device would be described as memory-
less provided that its distortion behaviour exhibits a constant phase and
magnitude at different tone-spacing [10]. This could happen if the output
signal was only a function of the instantaneous input signal. Figure 2.8
shows the IM3 behaviour, and includes the two output tones (®; and m>),
which are clearly observed to be almost independent of the tone spacing

frequency ranging between 2MHz and 10MHz at a single input drive level
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and are, as required, symmetrical about the carrier frequency. This
symmetry and a lack of any variation with tone separation frequency is a
clear indication of the absence of memory effect in an environment where
the fundamental and harmonic components were terminated to 10 Q2 and

IF components were terminated to 50 Q.

40
—— W1 - W2

3
1] ;
S 20 |
= —#— IMD3L —+— IMD3H
3 .
o

10# * e o S, e o

2 3 4 5 6 7 8 9 10

Tone-spacing [MHz]

Figure 2.8 Measured output fundamental and IMD power for two-tone frequency separations

for 20W LDMOS.

2.9. Device with Memory

A device with memory can be defined as if one where the output signal is
a function of both instantaneous and previous input signals. However, a
traditional definition for memory effects in the RF power amplifier
community is: changes in the amplitude and/or phase of the inter-

modulation distortion as a function of the modulation frequency [10] [11].
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Figure 2.9 shows how a tone-spacing sweep (Aw) of a two-tone signal is
employed as an indication of memory effect for a 3™ order polynomial
modelled device. For example, a device would be said to exhibit
magnitude memory effect, if a tone-spacing frequency sweep results in
changes to the amplitude level of the inter-modulation distortion (IMD) as
shown in Figure 2.9(b) or to asymmetry between IMD3;. and IMDsy as

shown in Figure 2.9(c).

w1
‘.“‘nfi...“.”.u
IMD
- .l... -

lM3L=2w1-w2 AW IM3H=2w2-w1

a
w1 w2 w2
e [
IM3L=20w1-w?2 IM3H=2w2-w1 IM3L=2wW1-0w2 IM3H=2w2-w
b c

Figure 2.9 Definition of memory effect.

Another way of describing memory effects is a time lag, defined as an

existence of a hysteresis, between AM-AM and AM-PM response, [11]
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which creates uncertainty within the predictive model. In other words, for
a nonlinear device with memory, the output signal of the device is not
going to be only a function of its present input, but also appear as a

function of the previous input.

Nevertheless, AM-AM and AM-PM are seldom used as precise
characterisation technique for modelling devices with memory effect due
to their inability to give comprehensive information on the device

nonlinearity, such as in monitoring asymmetry in the IMD. [12] [13].
2.10. Source and Location of Memory Effects

Devices with memory effect can be classified into two categories:
‘electrical’ and ‘thermal and trapping’ memory effects [14] [10]. The

most common contributors for causing memory effect can be summarised

as:

e Device reactive components

e Input and output matching network
e Biasing network

e Coupling and de-coupling capacitor
e Thermal and trapping memory effect

Figure 2.10 illustrates the parts of the power amplifier structure
attributed with the greatest responsibility for leading to the existence of

memory effect.
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Figure 2.10 Typical sources of memory effect in power amplifier [After [15]].

2.10.1. Thermal and Trapping Memory Effects

High power devices can both produce and dissipated high power at low

frequencies. This dissipated power varies according to time, which makes

it frequency dependent and in turn may also lead to temperature variation

in the transistor’s junction.

diminish at high frequency because of the self-cooling which takes place

when variation of the signal is too fast for the temperature to follow [13]

but come into force strongly at lower frequencies.

The chip temperature can be modelled as shown in Figure 2.11 using this

form [10]:

T = Tanb+ Rth* Pdiss@d.c) + Zth (0)\ —0)2) * P dgiss~0) 1—0)2"

28
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where Tam is the ambient temperature, R« is the thermal resistance , and Zx
is the thermal impedance of the chip, package and the heat sink at

envelope frequency.

e D&
Te T b

T Heat Sink i Ta
Ta

Figure 2.11 Physical and electrical model of the heat flow from active device (after [10])

For example the dissipated power in a Class A high power LDMOS device
having VD=28V and ID=2 A, would be 56 W. This amount of dissipation,
when multiplied by thermal impedance at envelope frequency (wi—-w:)
induces a high thermal variation in the device, as indicated in (2.17) which
varies the thermal impedance, leading to a variation in the envelope

voltage and resulting in a variation in IMD.

Trapping effects are inherent to the device itself and appear at low
frequencies, potentially causing dispersion for the device conductance.
This can cause variations in IMD with respect to modulation frequency
(memory effect). In [16] trapping effects are shown to have appeared at
low frequencies, when an electron and hole traps potential changes with

envelope frequency and therefore have altered the intrinsic gain.
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2.10.2. Electrical Memory Effects

Based on existing memory in the RF power amplifier, electrical memory
effects can be subdivided into short-term memory effects and long-term

memory effects
2.10.2.1. Short Term Electrical Memory Effects

Short-term memory effects (high frequency memory effects) are those
signals which have a higher frequency (shorter time scale) than the
information signal in a range close to the carrier signal. This kind of
electrical memory effect is mainly caused by both the reactive components
of the device in addition to input and output matching networks [11] [17].
It is caused by the variation of either or both the fundamental and the
harmonics impedances at different frequencies. However, designing a
matching network with approximately constant impedance for the RF
fundamental signal, in addition to its harmonic frequencies may not be
considered a difficult task, especially given that the RF fundamental signal
and its harmonics would usually occupy a decade or less. Furthermore,
the blocking capacitor at the input of the active device in combination with
the parasites coil can cause memory effect [12]. Power amplifiers having
short-term memory effects will usually have a static response for the
information signal and may sometimes be treated as memory-less devices,
since short-term memory effect has a time constant (=ns) much shorter

than the time constant scale of the information signal (=us). [17]
2.10.2.2. Long Term Electrical Memory Effects

Long-term memory effects (low frequency memory effects) have

frequency of the order of the information signal itself (range from dc to a
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few MHz) [18] [19]. This range of frequency is sometimes called
‘intermediate frequency’ (IF) or ‘envelope frequency’ when two-tone
signal excitation is being used. Long-term electrical memory effects are
typically due to the biasing network. In the case of a 5 MHz W-CDMA
signal, for example, such a bias network needs to be constant and ideally,
zero impedance at all low frequency (IF) ranges. Otherwise, AC voltages
may be generated and added to the power supply voltage, causing
amplitude and/or phase modulation, and resulting in asymmetry in the
IMD [3] [14]. It is almost impossible to come up with a constant
impedance for many frequency decades. This highlights the shortcomings
of the simple bias network and the complexity of bias network design.

2.11. Waveform Engineering

Waveform engineering is very important especially when reduction of

inter-modulation distortion is needed.

The voltage at the drain of LDMOS devices is the most significant factor
in effecting the inter-modulation distortion components (IMD). As we
have already discussed a two-tone test is often used to investigate the IMD
performance through Taylor-series expansion. Taylor series expansion to
the third order given by equation (2.18) can be used to describe the
interaction with the device non-linearities which will cause a modification

of all the frequency components in the resulting current waveforms.

lo = awi+ a:vi’ + asvi’ (2.18)
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A simple description for the output current (IM3;, and IM3y) containing the
two-tone carrier stimulus with the injected IF difference component
produced by the IF load-pull system combined with the second harmonic
component (2m;,) is given by equations (2.19) and (2.20) [20]. This
enables the variation of the magnitude and phase of the baseband as well
as the second harmonic components to be used to vary the in-band

distortion products.

IMsL = Dcos [(2(01) + ;z/] + Ccos[(a)z o)+ 6:’ + B+ A(cos w1+ cosw2) (2.19)
IMsu = Dcos [(2wz) + t//] +C cos[(a)z -on)+ 0] + B+ A(cos w1+ cos @2) (2.20)
where:

B is the DC bias voltage.

C and D are the magnitude of the base-band and the second harmonic

signals, respectively.
€ and y are the phase of the base-band and the second harmonic signals,

respectively.

It is clear that the optimisation of IMj3 terms is possible by controlling
(engineering) either second harmonic or envelope (base-band) components.
In this work however, only waveform engineering at the base-band will be

considered.

The total third-order IMD3s;, for example, is a vector sum of third-order
IMD3;, (2m;-m,) caused by the third-order nonlinearity of the active device
as a result of first mixing products and the mixing products of the signal at
the second fundamental frequency o, with the signal at 2®; as a second

mixing process in addition to the mixing products of the fundamental
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frequency o, with the signal of the envelope w;-0; (IF,) as a second mixing
process. This is demonstrated in Figure 2.12. The total IM3 as a function
of only base-band impedance, and for fourth-order amplifier, can be

modified by IF; and IF; (2m;-20,) as:

ML = Ecos[Z(a)z —on)+ ,6] + Ccos[(a)z - 1)+ 9] + B+ A(cos w1+ cos w2) (2.21)

Where:

E and f are the magnitude and the phase of the base-band second

harmonic signal (IF,), respectively.

The vector diagram of this fourth-order amplifier is shown in Figure 2.13.
In this arbitrary example, three boundaries are shown: the IF; boundary,
the IF, boundary and the resultant IM3;, boundary, which is defined in this
example by only the most two dominant base-band components (IF; and
IF;). It is possible according to this example to reduce IMj. to zero.
Higher IF components will theoretically effect inter-modulation distortion
but their effect can be ignored, especially at low power, when compared to

IF] or IFz.

Imaginary(IMD3L)

Envelope
w2-wl)

2nd harmonic
2wl

3rd order
(2wl-w2)

» Real(IMD3L)

Figure 2.12 Composition of IMj3;.
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Figure 2.13 Boundary of IM;,, as a function of only base-band impedance (IF; and IF,).

2.12. Classifications of Power Amplifiers

In modern communication systems RF power amplifiers are required to
have efficiency and linearity over the range of power operation as well as
adequate bandwidth. Efficiency is the ability to convert DC to RF energy
with minimal wasted power and heat generation, while linearity is the

ability to amplify the input signal without distortion.
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Power amplifiers are divided into different Classes such as A, B, C...etc.
The conduction angle of the drain (collector) current waveform is used to
identify these Classes (see Figure 2.14). The main characteristic of these
Classes is their trade-off between linearity and efficiency. Therefore,
selection of a particular Class is determined by its application. High
linearity and efficiency have become a figure of merit in CDMA base
stations [21]. In a typical line-up of power amplifier chain, the power
stage is often a Class B circuit for maximum efficiency; the driver stage a
Class AB for a trade-off between linearity and efficiency, and pre-driver

stage may be a Class A [6].

Clazs A

IDIT]SX sESsssssssssssneenE.

Class AB '
Dmax $epis i § 5> :
2 ¢ ’ .
8 .' e — -
VGS (Threshold) VGS (pinch-offy  VGS

Figure 2.14 Classes of power amplifiers.
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2.12.1. Class A Operation

In a Class A amplifier, the transistor is biased at a quiescent current Iq
with the output current flow for the whole conduction angle at 360 degrees.
Figure 2.15 shows the dc load line. The Q point is chosen to be in the
middle of the load line so the signal will swing in either direction at the
same intensity, and has the maximum probability not to compress. In this
case, the transistor operates in the linear region between the saturation and
cut-off of its transfer characteristic, and therefore maintains high linearity
resulting in low distortion. Maximum efficiency of 50% can be achieved
if Vps minimum at Inax and Iy are set to zero, nevertheless, the practical

efficiency is about 30% [22].

Class A

Imm:

R

Imin /
>

Time

>
VGS (Threshold) VGS (pinch-off)  VGS

Figure 2.15 Transfer characteristic of Class A amplifier.

The efficiency is defined as the ratio of the output RF power divided by
the DC supply power:

— Pout(RF)
Ppc (2.22)
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The maximum average power delivered to the load is given by:

Lmax— — 223
) (2.23)

With Vrf equal to the DC drain voltage defined as Vpp, the output power

is:

Pio=— (2.24)

The average power delivered by the DC supply is:

Vin?
Po= R, (2.25)
Hence the maximum efficiency is:
1 V'’
=%—%*1oo =50%
R (2.26)

Class A amplifiers are useful for applications where high linearity is
required, but the drawback is the low efficiency leading to high power
dissipation. To deliver, for example, 20W to the load, 40W needs to be
supplied from the DC source. The extra 20W will be converted to heat in
the power amplifier transistor, which requires a large cooling system such

as a heat sink.
2.12.2. Class B Operation

Class B amplifiers are usually biased at dc quiescent current equal to zero
(threshold), hence no output current will be drawn when no input signal is

applied at the device input. The conduction angle of Class B amplifiers is

37



Chapter 2. Background Theory of Power Amplifier

precisely 180 degrees, or just half the input cycle, thus the power

dissipated is cut approximately to half.

-
‘VGS (Threshold) VGS (pinch-offy VGS

Time

Figure 2.16 Transfer characteristic of Class B amplifier.

The output current waveform shows zero current for 7t <time< 27T as can

be seen in Figure 2.16. Thus the average current will be:

1 ¢
IDC_? I) Io(t)dt

_Im_Vm

n 7R
The total power delivered by the two power supply is:

Vop®
TRL

Poc=2Voplpc=2

The output power is given by:

2
p._ L Vif

2 R

With Vrf equal to the DC drain voltage defined as Vpp, the output power

is:
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1 Vo?

n=2—Rl2*1oo =2100=78.5%
AV 4
TRL

The efficiency in the case of Class B amplifiers is much higher than in Class A,
bearing in mind that Class A are more linear than Class B. In compression
with a Class A amplifier, only 25.5W is needed from the power supply to
deliver 20W to the load. This example shows that the power dissipated in
Class B is about 25% of that dissipated in Class A. It must therefore follow
that a Class A amplifier has a higher power rating than a Class B amplifier.

2.12.3. Class AB Operation

In terms of linearity and efficiency, a Class AB amplifier is a compromise
between Class A and Class B, as can be seen in Figure 2.17. Class AB is

preferable when a trade-off between efficiency and linearity is involved

[11].

The conduction angle will be between 360 and 180 degrees at a quiescent
point above the cut-off and below the Class A bias point resulting in an

efficiency level of between 50% and 78.5%.
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Figure 2.17 Transfer characteristic of Class AB amplifier.

2.12.4. Comparison between Class A, Class B and Class AB

An illustration of the effect of different Classes is made possible by using
the non-linear high power measurement system with two-tone stimulus
frequency of 2099 MHz and 2101 MHz, at different input powers, using a
20W LDMOS device at a constant drain voltage of 28V over a power
sweep of approximately 8 dB. Figure 2.18 compares the lower
fundamental output power (©0;) and the lower inter-modulation distortion
(IMD3) of the three different Classes. At a constant and low input power
of 16 dBm, Class B has an output power magnitude greater in magnitude
than Class A by 8 dBm, and about 3dBm greater than that of Class AB.
The linearity of these Classes can be investigated by comparing their inter-
modulation distortion level. It is clear that, out of the three devices, Class
B produces the most distortion, but it is the behaviour of Class AB which
is of greatest interest and importance in that it generates inter-modulation

distortion equal in magnitude to that of Class A, especially at higher input
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drive levels. This indicates that a Class AB amplifier is approximately
equal in linearity to Class A, and can still provide sufficient output power
when compared to a Class A amplifier. However, different linearisation
techniques can be used to enable the use of more cost-effective and more

power efficient amplifiers while maintaining an acceptable level of

linearity.
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Figure 2.18 Comparison of Class A, Class B and Class AB amplifier.

2.13. Summary

This chapter has presented important background material for this thesis.
Methods of identifying nonlinear amplifiers were reviewed by means of

using two-tone test through Taylor-series expansion.
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Memory effects are defined in this thesis as changes in the amplitude or
phase of distortion components (IMD) caused by changes in modulation
frequency (Am) and will be used due to their ability to give comprehensive
information on the device nonlinearity, such as in monitoring asymmetry
in the IMD. Two kinds of memory effects do exist in RF power
amplifiers: short-term memory effects and long-term memory effects. It is
the long-term memory effect (low frequency signal), which is mainly
caused by variation in the bias network impedance, which is going to be
the main concern of the experimental investigations to follow. It is
important therefore to find an access (port) to this signal. Hence, Chapter

3 shows how to measure and engineer this component.
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CHAPTER 3

Measurement Infrastructure for Memory
Investigation

3.1. Available Commercial Instruments

Traditionally, high-frequency measurement systems employ CW signals
for the investigations of device characteristics. However, device
characterisation at CW frequencies do not allow for the measurement and
investigation of important device characteristics such as memory effects
[1]. Unlike low frequency measurement it is rather difficult to measure,
for instance, power using voltage and current directly by using
conventional voltmeter or ammeter at RF frequencies [2], because they
will interact and influence the accuracy of power measurement at
RF/microwave frequencies. However, it is important to realise that power,
unlike current or voltage, is one of the few fundamental quantities that can

be directly measured.
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With the revolution in wireless communications, microwave and RF
frequencies usage is expanding; hence, developers of RF test equipments
and measurement systems are driven to improve the performance of their

systems.
3.1.1. Spectrum Analyzers

Spectrum analyzers are primarily a tool for the frequency domain. They
are considered to be a very powerful instrument for measuring signals with
frequencies ranging from approximately 100 Hz to approximately 110 GHz.
Common spectrum analyzers measurements are signal characteristics such
as in-band signals (fundamental and distortion components), out-of-band
signals (RF harmonic and IF components). Spectrum analyzer-based
systems allow for the use of modulated signals. However, due to their
limitations, they only permit the measurement of the spectrum magnitudes.
Consequently, it is rather difficult to utilise such systems for the accurate
and unambiguous analysis of non-linear circuits, since a limited set of
magnitudes can generate an infinite number of current and voltage

waveforms.
3.1.2. Vector Network Analyzers

Vector network analyzers are designed to measure both the magnitude and
phase ratio of the voltage travelling waves. Their basic capability is to
measure the s-parameters of an RF or microwave device and display the
amplitude and phase ratio information in the frequency domain. They can
measure transmission losses, return losses, gains, impedances, phases and
group delay with a wide range from DC to 110 GHz for characterising

components.
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S-parameters can only accurately represent linear devices, such as filters,
cables, connectors...etc, whose behaviour is determined solely by the
linear equations. However, basic linear s-parameters cannot fully predict

the behaviour of non-linear devices.

It would also be impossible to determine the voltages and currents at the
device plane, since vector network analyzers only measure the ratio
between the incident and the reflected voltage waveform but not their
absolute values. Hence it would be difficult again from these
measurements alone to develop a good understanding of the device non-

linear behaviour.
3.1.3. Vector Signal Analyzers

The vector signal analyzers, a more recent advancement, can perform the
same measurements as the spectrum analyzer while also providing
information on the phase of the signal. Their bandwidth is not sufficient
for fully non-linear characterisation. For example, a device under two-
tone test with a tone-spacing of 20 MHz (the new high-bandwidth
communications standards such as WiMax generate 20-MHz bandwidth
signals) will generate in-band and out-of-band distortion. Therefore, in
order to study the performance of the in-band distortion up to only 5%
order will require a minimum bandwidth of 200MHz. Also they do not
allow for simultaneous measurement of base-band and harmonics signal

components.
3.1.4. Large Signal Network Analyzers

Large signal network analyzers are similar to vector network analyzer.
They have a wide bandwidth. For example, Maury Microwave's
MT4463 A Large-Signal Network Analyzer is operating from 600 MHz to
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20 GHz with maximum power into test ports of 10 watts (+40 dBm) [3].
Further, they are capable of measuring the absolute values of the incident
and the reflected travelling waves, which can be easily transformed to
voltages and currents in the time-domain using an inverse Fourier
transform. Despite having large bandwidth their lower frequency is
relatively high (600 MHz). Therefore, they will not be suitable, for
instance, to investigate low frequency memory effect for non-linear RF

devices.
3.2. Non-Commercial Waveform Measurement System Architecture

To bridge the gap between all these instruments, measurement systems
developed at Cardiff University have been focused towards building a
novel fully functional RF waveform high-power time-domain
measurement system. The basic CW approach is an extension of the
measurement system demonstrated by Tasker, et al [4] and it is shown in
Figure 3.1. This measurement system is sometimes referred to as Non-
Linear Vector Network Analyzer (NLVNA), and consists of two
directional couplers used to measure the incident and reflected waveforms
with a bandwidth of 1GHz-12GHz and two bias tees [2] of the same
bandwidth and a maximum current and voltage handling of 10A and 100V
respectively. The RF couplers and bias tees are capable of handling up to
100W CW. The two triplexers are used to separate the fundamental,
second, and third harmonic components to three ports, so that each
frequency can be independently tuned using three ESGs to generate the

desired terminating impedances (referred to as waveform engineering).

The 2-channel microwave transition analyzer is used to measure the

incident waveforms a, and the reflected waveform b, at the device n™ port,
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input and output, which are error corrected before being converted to

voltages and currents, as follows:

V, =\z,(a,+b,) G.1)
I, =2t (3.2)

n \/_
Zo

The key feature of this waveform measurement system is its ability to
investigate the device performance in the time domain. This will provide

a full insight into the non-linear behaviour of the device under test.

Unlike the large signal network analyzer, this waveform measurement
system has a receiver and a test-set; therefore it is suitable for both
waveform measurement and waveform engineering. This measurement
system is capable of handling power up to 100W CW with a bandwidth of
1 GHz to 12 GHz, which makes it suitable for characterising devices at
high frequencies. Nevertheless, the lower frequency that this
measurement system can handle is 1 GHz, similar to the LSNA. This
Cardiff high power CW measurement system is not capable of detecting
modulated signals, which contain additional high and low frequency
components generated by the non-linear device. For instance, the
directional couplers and/or the bias tees exhibit large bandwidth yet have
lower cut-off frequencies, in the range of several hundred megahertz,
making them unsuitable for the detection of low-frequency IF signal
components. Reference [5] [6] [7] [8] , has shown that the IF impedance,
presented at the device plane can affect the in-band distortion. Because
this measurement system cannot detect low frequency signals (<1 GHz) it

was not suitable for investigating base-band memory effects.
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Figure3.1 Schematic ofthe 100 W RF measurement system based on microwave transition analyzer
(MTA) with a frequency range for the higher harmonics up to 12 GHz.

3.3. Ideal RF and IF Measurement System

The RF waveform measurement system on its own is not capable of, for
example, measuring modulated low frequency IF components (©:- ©)
because the RF bias tee is not capable of providing the device being tested
with DC, IF and RF signals all at the same time. The problem is further
compounded by the fact that the bandwidth of the RF directional coupler
is 1to 12 GHz making it impossible to detect the IF signals. In this case,
the RF bias tee must be replaced by a triplexer in order to supply the DUT
with the DC, IF and RF signals, and the RF directional coupler has to be
replaced with a new broadband directional coupler capable of sensing both
IF and RF signals. Figure 3.2 represents an ideal measurement system

with optimum components. However, finding a commercial 4 port bias
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tee (triplexer) with the required bandwidth and power handling to
accommodate all three bands (DC, IF and RF) has posed significant
problems. The same can be said about finding a commercial directional

coupler capable for sensing both IF and RF signals for wide bandwidth.

Theoretical Theoretical 'Tlmpefdance Theoretical Theoretical
Bias T Coupler ransiormers Coupler Bias T
al bl Port 1 Port 2 a2 b2
IF Source IF Load
pull pull
Ch3
RF Source 4-channel Microwave Sampling RF Load
pull pull

Figure3.2 Schematic of the theoretical high power time domain measurement system with IF and RF
source and load pull capability.

3.4. Practical RF and IF Measurement System

To bring the ideal measurement system from the theoretical world to a
practical environment, the CW high power measurement systems was
further developed to detect the low frequency (IF) components and
therefore study the effect of both IF and RF signals on device behaviour
such as base-band memory effect. The aim being to have a system that
could fully characterise and design RF power amplifiers at both high and
low frequencies. The required four ports bias tee has been realised

through means of two diplexers connected in series, and the required
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directional coupler has been split to two couplers one for the RF
frequencies and the other for the IF frequencies. This measurement

system is shown in Figure 3.3.

This architecture was previously validated by adding an IF test-set, shown
in Figure 3.3, composed of two commercially available IF bias tees with a
bandwidth of 100 kHz to 1GHZ and at 2W maximum power handling with
a maximum current and voltage of 200 mA and 30V respectively [6], to a
CW low power waveform measurement system. The IF test-set circuit
board was designed to allow the inter-changeability of couplers in order to
have a much lower frequency. The first set of the commercial IF
directional couplers used to measure the incident and reflected waveform
has a bandwidth of 200 kHz to 250MHz with a coupling of 19.5 dB and
insertion loss of 0.9 dB. The second set has a bandwidth of 5 kHz to
20MHz with a coupling of 11 dB and insertion loss of 0.9 dB. An Agilent
100MHz oscilloscope was used to sample and measure the low frequency
IF signals allowing for the measurement of voltage and current waves

between 100 kHz and 100 MHz.

The complete specifications of the IF test-set is mostly determined by the
specification of both IF bias tee and the IF directional coupler, hence the
maximum power of the test-set stands at only 2W with a low frequency of
100 kHz defined by the lower cut-off frequency of the IF bias tee, and the
high frequency of either 250MHz or 20MHz depending on which

directional coupler is used.

A possible integration of the high power RF and low power IF waveform
measurement system is shown in Figure 3.3 and consists of two main
entities: the RF test-set (upper level) with the components shown in green

and the IF test-set (lower level) with the components shown in orange
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which are identical in terms of both component architecture and principle

of operation.
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Figure3.3 Schematic of'the high power RF and low power IF measurement system with active and
source pull.

The architecture incorporates a combined IF and RF capabilities allowing
for the collection of all four travelling waves at both IF and RF

frequencies. The resulting measurement system has a bandwidth of
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approximately 100 kHz to 12GHz allowing for waveform measurement at

high and low frequencies.

3.5. Limitations of the Existing Waveform Measurement
System and Necessary Development

The RF test-set is suitable for characterising high power devices and does
not need any modification. In contrast, the existing low power IF test-set
was not suitable for high power devices and was considered to be a major
obstacle in meeting the demands of the most modern communication
systems, such as the base-station power amplifier market. Currently, the
dominant devices technology is LDMOS, with those devices, which are
commercially available being able to deliver maximum output power
levels of up to 180W at CW conditions. The performance of these devices
cannot be fully characterised and investigated using the existing

measurement system.

Further ‘probing’ measurements suggested that the CW power at IF
frequencies can exceed 20 W when terminated in 50€) resulting in a
maximum power and current handling requirement for the IF test-set,
which unfortunately could not be handled by the existing IF test-set. For
this reason, the development of a new IF test-set with minimum 50W IF
power and 10 A DC current was considered to be an immediate way of

progressing to such high IF power.

Moreover, due to some limitations of the original MTA implementation,
which will not be discussed in this work, the sampling of repetitive signals
was limited to be between 10MHz and 40GHz, with the MTA was set to
sample at its minimum sampling frequency of 10MHz. Therefore, this
decreased the measurement system capability of sweeping the IF

frequency from DC to 10 MHz. The minimum frequency of 10 MHz is
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above the application space in terms of base-band memory effect.
Sweeping the modulation frequency across the bandwidth of the
modulated signal would provide a means of relating the performance of
the device using a two-tone signal to the performance achieved with a

modulated signal.

3.6. Proposed High Power IF and RF Waveform

Measurement System

The existing measurement systems, which have been developed at Cardiff
University, are not capable for detecting low-frequency signal components
at high power levels. To overcome this problem, it was decided to design
a suitable high power IF test-set to allow the observation and control of all

relevant frequency components (RF, IF and DC)[6, 9].

The main objective of the proposed measurement system, therefore, was to
upgrade the IF power handling capability from approximately 2 W and 0.2
mA range to approximately 50 W and 10 A range, making it suitable for
characterising and investigating high power devices, such as base-station
LDMOS transistors. These test-set specifications were considered to be a
research challenge just two years ago [10] due to the complex

requirements involved in implementing such a measurement system [9].

The proposed high power IF test-set is similar to the existing one (low
power), but the components have high power, current and voltage
specifications. The two major critical components in the IF test-set are the
IF directional coupler and the IF bias tee. It was possible to find a suitable
high power IF directional coupler (off-shelf) that met the proposed high
power IF test-set specifications. The IF low power directional couplers

would be replaced with the commercially available directional couplers,
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manufactured by WERLATONE, to provide the IF test-set with a
bandwidth of 10 kHz to 1GHz with a maximum power of S50W CW,
combined with a coupling of 30 dB and a maximum insertion loss of 1.2
dB. However, despite substantial efforts, it proved impossible to source a
suitable high power IF bias tee capable of handling high DC and RF
voltages and currents over a large bandwidth. Therefore, it was decided to
design suitable IF bias tees on site to complete the architecture of the IF
test-set. The proposed IF bias tee design should have a bandwidth of 50
kHz to 50 MHz with the capacity to handle a current and voltage of 10A
and 100V respectively, in addition to a typical insertion loss of 0.5 dB to
the IF signal and a minimum isolation of 20 dB. Also another bias tee
(mainly for the gate/base side which does not usually require high current)
will be designed on site for a wide bandwidth of 50 kHz to approximately
more than 300 MHz and a maximum current of 2A at 100V.

The proposed non-linear high power IF and RF measurement system, with
a further modification to the previous measurement system architecture, is
going to be as that shown in Figure 3.4. This measurement system
consists of two main parts: the RF part (upper level) with the components
shown in green and the IF part (lower level) with the components shown
in orange which are identical in both component architecture and principle
of operation. The two parts are separated by the RF bias tee which should
have an IF bandwidth of at least an order of magnitude larger than the
modulation frequencies used for device characterisation, in order to detect

the fundamental and harmonic signal components of the IF signal.

The architecture incorporates a combined IF and RF capability allowing
for the collection of all four travelling waves at both IF and RF
frequencies. Diplexing the coupled RF and IF components of the signal

prior to measurement is a key feature, and ensures phase coherence
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between measured IF and RF components. Moreover, using the 4-channel
microwave sampling oscilloscope is more compact and time-efficient than
the previous system, where a microwave transition analyzer (MTA) was
used for the RF frequency and an oscilloscope was used for the low

frequency.

The RF test-set components will not be modified since it is already
suitable for characterising high power RF amplifiers with a bandwidth of
1-12GHz and a maximum current and voltage handling of 10A and 100V

respectively.
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Figure 3.4 Schematic of the proposed high power RF and IF measurement system with active source
and load pull.

The resulting measurement system will have the capability to handle RF
power of more than 100W and IF power of more than S0W along with
current and voltage of more than 10A and 100V respectively. The new
measurement system can characterise devices for a bandwidth ranging
from approximately 50 kHz to approximately 12 GHz. This measurement
system is therefore suitable for investigating high and low frequencies

memory effects.
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In addition, to the authors’ knowledge, no active nor passive IF load and
source pull measurement system had existed with the capability of
handling up to 100 W of IF power like the newly proposed Cardiff

measurement system does.

However, waveform measurement is not enough on its own for
investigating base-band memory effect, therefore, in order to engineer and
control the shape of the waveform for optimising devices performance

waveform engineering technique becomes essential.
3.7. Waveform Engineering

Waveform engineering can be defined as the process of changing the
waveform shape, either the current or voltage, in order to optimise the
performance of the device under test. This can be achieved through source
and/or load pull [11] [12] [13]. Load and source pull technique is defined
as the process of varying the impedance seen by input (source pull) or the
output (load pull) of the device under test. The measurement system
shown in Figure 3.4 has four ports, two ports for the RF test-set and two
for the IF. This waveform measurement system is capable of maintaining
both RF and IF load and/or source pulls for a bandwidth of approximately
50 kHz to 12 GHz.

3.7.1. RF Source and Load Pull

RF load and source pull is a technique based on the search for the
optimum impedance seen by the device in order to investigate its
performance e.g. efficiency, linearity, gain, and output power. This is
important especially for the nonlinear device in which the performance
with different load cannot be predicted using small signal s parameters.

Source pull can be defined as the process of tuning (source pulling) the
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input impedance seen by the input of the active device while the load pull
is the process of tuning (load pulling) the output impedance seen by the

active device.

Cardiff waveform measurement system is capable of characterising high
power devices in excess of 100 W through RF load and/or source;
however, in this measurement system it becomes crucial to load pull these
devices at the same time. This is due to the fact that the optimum output
impedance of high power LDMOS amplifiers is approximately less than
10 Q while the measurement system impedance is 50 Q. This large
impedance difference between the device and the measurement system
leads to insufficient power transfer. In order to maximise the power
transfer and minimise the reflection coefficient, impedance transformer
(matching impedance) is needed to match the DUT to the measurement
system. Therefore, for this measurement system, input and output RF
impedances were established at 10 Ohms using broad-band 5:1 impedance
transformers [14] to match the device with the measurement system for

maximum power transfer.

This approach becomes very important in the case of high power harmonic
active RF load pull [15] [16]. For example, Figure 3.5 indicates that the
load pull system has to deliver a power equal to ten times the power
dissipated by the load at the device reference plane at reflection coefficient

() of 0.95.
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Figure3.5 Multiplication factor indicating the required maximum output power of the load-pull
amplifier to generate a reflection coefficient of a given magnitude (after [16]).

3.7.2. IF Source and Load Pull

Load and source pull impedance is not restricted to RF fundamental or RF
harmonics frequencies but can also include the source and/or load
impedance at IF frequency. IF load and source pull measurement systems
allow for controlling of the reflection coefficients seen by DUT from
either its input or its output port at IF frequencies. This, for example, can
be achieved by employing IF load pull to present any impedance desired
to be visible to the output of the DUT, consequently reshaping the output
of the voltage or current waveform for optimum performance. Figure
3.6(a) and 3.6(b) illustrates the output spectrum in the frequency domain
and voltage waveform respectively of the output voltage for the 50Q IF
termination, while Figure 3.7(a) and 3.7(b) depicts the output for short IF
impedance termination. Terminating the IF component with 50Q or a
short circuit dramatically changes the shape of the voltage envelope, as

shown in Figure 3.6(b) and Figure 3.7(b). This example demonstrates
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how important the IF load pull is in characterising the performance of the

RF power amplifier.
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Figure3.6 Measured voltage spectrum (a) and voltage waveform (b) for 50ft termination.
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Figure3.7 Measured voltage spectrum (a) and voltage waveform (b) for short circuit termination.

Waveform engineering through IF and RF load and source pull
demonstrate the importance of providing the suitable impedance to the
device under test in order to achieve better performance. It will be shown
later how effective this technique is for minimising inter-modulation

distortion components [17].
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The load and/or source pull can be performed either passively by using a

manual tuner or actively by injecting a signal using an ESG source
3.8. Passive load and source pull system

Passive source and load pull in its simplest form is comprised of a signal
source to generate the desired power and a power meter to measure the
incident and reflected wave form at the input and the output of the DUT,
as well as a passive tuner as can be seen in Figure 3.8. The harmonic
passive tuner is not shown in the block diagram in order to keep it simple.
The passive tuner itself contains a phase shifter and a variable attenuator

as can be seen in Figure 3.8.

The incident wave b, generated by the device, for example, can be phase
shifted and its magnitude can be varied by the variable phase shifter and
attenuator respectively which will lead to modifying the reflected wave

form a;. The load generated is given by:

= reflected wave

— (3.3)
incident wave
_a

In= b (3.4)

It is now straightforward to use the load reflection coefficient to define the

load impedance as:

1+1%
1-I

ZL = Zo (35)
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therefore presenting the impedance which is required to be visible to the

DUT.

The same principle can be used to emulate the impedance, which is

desired to be seen by the input of the DUT by using the source tuner.

The main advantage of the passive load pull is its capability of presenting
an approximately constant reflection coefficient regardless of the input
power generated by the signal generator (as expressed in Equation 3.5).
Theretfore, passive load pull is particularly pioneering and fast for the
power sweep characteristic that requires constant impedance. For example,
for a 20W LDMOS device, with a power sweep of some 11dB using the
non-linear high power RF load pull measurement system, the maximum
observed variation in I'p is less than 0.0003 in magnitude and less than
0.005 degrees in phase over the entire power sweep. In addition, the
power handling capability is high due to the involvement of only passive

components in the passive tuner system [18].
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Figure3.8 Block Diagram of a simple passive load pull system

Passive fundamental load-pull is a relatively simple concept and is
effective in allowing for the presentation of specific loads to specific
frequency components generated by a device [19] [20]. However, in the
case of passive harmonic load pull, presenting a high load reflection
coefficient using a passive tuner is difficult, especially on the edge of
Smith chart [21] [22]. Limited maximum reflection coefficient is

considered to be the most important disadvantage of passive load pull.

Therefore, in order to adequately investigate devices and establish

accurate optimisation, active load pull can be used instead.
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3.9. Active source and Load Pull

Active source and load pull is similar to that of passive source and load
pull. In the active source and load pull a signal is injected at the device

input for source pull or at the output for the device load pull.

The previous section employed passive IF and RF load-pull in order to
control the low and high-frequency impedances presented to the most
significant IF and RF components generated by a device. This approach
however, is restricted by the realisable reflection coefficients and the lack
of controlling all IF and/or RF frequency components simultaneously
without them affecting the magnitude of each other, making results

difficult to interpret.

To overcome the Ilimitations in achieving a maximum reflection
coefficient, active load pull is substituted, allowing for full coverage of the
Smith chart by compensating for any losses introduced between the device
and the measurement system. The load reflection coefficient, for example,
(I'L) can now easily be brought to unity (1) or even higher to compensate

for losses introduced by the measurement system.
3.9.1. Open Loop Technique

A typical active open loop load pull technique, originally proposed by
Takayama [23], is shown in Figure 3.9. This technique is sometimes
referred to as the ‘two-signal technique’, as two independent signals are
used. In its simplest architecture, open loop technique is composed of two
signal generators combined with the DUT. The first signal generator is

used to drive the input port of the device and the second independent
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signal generator, which is connected to the device output port, is used to
sweep the magnitude and the phase of the injected signal, hence obtaining
the desired load reflection coefficient I'y,. The main drawback of this
technique is the variation of the load, as a result of changing the input
power. This is due to the incident travelling wave into the device output a;
from the load pull signal generator being independent from the device
incident travelling wave b,. Consequently, the open loop approach
requires a complicated design in order to keep the load constant as

proposed in [24].

Signal Load pull

Generator

Signal
Generator

Figure3.9 Block diagram of typical active open loop

3.9.2. Closed Loop Technique

The configuration of the closed loop technique, as proposed by Bava [25]
is shown in Figure 3.10. A directional coupler together with these
necessary components are used to amplify and phase shift the coupled
signal b, and then inject back the modified signal a, into the device output
port. The load reflection coefficient therefore is now not a function of the
input power since the device output signal adjusts the load reflection

coefficient automatically. This method is also suitable when the output
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frequency is different from the input frequency such as intermodulation
distortion in the case of a two-tone test. The main disadvantage of this
approach is the possibility of having oscillations due to the existence of
the closed loop. Even in this simplified configuration it is clearly apparent
that closed loop involves more components than open loop, consequently

increasing the cost.

Variable Phase
Attenuator Shifter

Coupler
Signal |
Generator DUT T - >

Figure3.10 Block diagram of active close loop.

The most important advantage of the active load pull in comparison to
passive load pull is the ability and the precision of presenting any desired

impedance inside or even outside the edge of the Smith chart.

3.10. Summary

This overview of RF test equipment and measurement systems provide
overall guidance on what types of test instrumentation and measurement
systems are needed to characterise the performance of RF devices. The

existing measurement systems are not capable for detecting low-frequency
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signal components at high power levels. The proposed high power IF and
RF waveform measurement system has overcome this problem. It has the
capability to handle RF power of more than 100W and will have the
opportunity to handle IF power of more than 50W. The proposed
measurement system can characterise devices for a bandwidth ranging
from 50 kHz to 12 GHz. This measurement system with its capability of
performing not only waveform measurement but also waveform
engineering will be therefore suitable for investigating high and low

frequencies memory effects through either passive or active load pull.
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CHAPTER 4

High Power IF Bias Tee Design, Realisation and Validation

4.1. High Power IF Bias Tee Realisation

The greatest challenge to the development of the new high power IF test-
set was presented by the IF high power bias tee, due to the required high
power, large bandwidth and reasonable isolation between the DC and IF

signal requirements.

The DC and IF requirements for the IF bias tee have been derived for the
characterisation of LDMOS devices which represents, at the moment, the
dominant device technology for the commercial base station market.
Currently, the typical quiescent bias condition for LDMOS devices is
V4s=26-28V while the quiescent current can reach 10A, assuming a 40%
drain efficiency at the maximum output power. The measurement systems,
developed so far at Cardiff University, are capable of measuring LDMOS

devices up to output power levels of 100W.
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The IF power was chosen to be at around SOW and the IF bandwidth
requirement, for the high power IF bias tee, was set to SOMHz which is an
order of magnitude larger than the modulation bandwidth of W-CDMA
systems, thus allowing for the measurement of the IF fundamental
difference frequency and its first 5 harmonics at least. The resulting

specification for the IF bias tee are summarised below:

e Maximum DC current handling: 10A

e Maximum DC voltage handling: 100V

e IF channel maximum power handling: SOW
e DC channel bandwidth: <50kHz

e IF bandwidth: <50MHz

e Isolation between DC port and IF port: > 20 dB

4.2. Simplified Equivalent Circuit for Bias Tee

A bias tee provides two paths from a common node, designed for
applications where DC and AC (IF) signals are applied to a device under
test (DUT). The principle architecture of a bias tee is shown in Figure 4.1.
It consists of just one capacitor to provide the DUT with the required IF
signal (a short circuit for IF) and to block the DC signal from the
measurement equipment connected to the IF port, and one inductor to
supply the DUT with the required DC voltage and current, while blocking
the IF signal from diverting to the DC supply (a high impedance for IF).
The inductor represents a low pass filter while the capacitor represents a

high pass filter.
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Figure 4.1 Simple bias tee

4.3. Bias Tee Construction

A relatively easy way to implement filters is to use microstrip or stripline
structures [1]. However, microstrip or stripline structures are not practical
at low frequencies due to their large geometries imposing space limitations.
Instead, lumped element such as inductors and capacitors are usually used

to implement such low frequency filters.

The utilised bias tee design process consisted of three phases: phase 1-
investigation and design with ideal lumped components; phase 2-
introduction of realistic components through the utilisation of complex
models, and phase 3- investigation of higher order filters as shown in
Figure 4.2. During the first phase, the optimum values of both inductor
and capacitor were estimated for design centering; during the second
phase, practical components and their models were utilised, but resulted

only in a bias tee which did not meet the specification, while the third
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phase was concluded with the creation of a viable IF bias tee, using a filter

design approach.

Phase 1 Phase

) Practical Component
Ideal Component Practical Component +

Filter Design Approach

Figure 4.2 Three phases of bias tee design approach.

4.3.1. First Phase: Bias Tee Design using Ideal Components

The bias tee design process was initiated by a single ideal component for
both filters, an inductor for the low pass filter and a capacitor for the high
pass filter, as can be seen in Figure 4.3. The 3 dB cut-off frequency for

each filter can be calculated using the following formulae:

1

F = 4.1
2TIRC (4-1)
H= R
2itL (4.2)
Through algebraic manipulations, we obtain
c=_ | (4.3)

and
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== (4.4)

2nF,

In a matched two-port 502 system, termination impedances are 50Q2
(Term1, Term2 and Term3) as seen in Figure 4.3. Assuming that the
capacitor is open and the inductor is short at the DC signal results in a total
resistance of 1002 within the DC signal path. At higher frequencies the
inductor becomes an open and the capacitor forms a short, resulting in a
total resistance of 100Q2. Thus, the calculated values for the inductor and

the capacitor according to equation 4.3 and 4.4 are: L=1591.5uH and
C=31.8nF.

To ensure an appropriate cut-off frequency for both the DC IF ports, the
inductor and the capacitor of the bias tee were calculated according to
‘ideal’ values and the bias tee itself was simulated using Agilent’s
Advanced Design System (ADS). The results of the simulated circuit are
depicted in Figure 4.4. The 3dB cut-off frequency for the DC port is 10
kHz and the cut-off frequency for the IF port is 50 kHz (approximately as
calculated). The IF insertion loss (in this work, the decrease in the
transmitted signal will refer either to insertion loss or attenuation) is
relatively good (approximately 0.1 dB) at frequencies equal or greater than
100 kHz. Furthermore, the minimum isolation achieved between the DC

port and IF port is 22dB at 22 kHz.
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Figure 4.3 IF bias tee with ideal components.

This may indicate an adequate bias tee, but unfortunately, there are no off-
the-shelf inductors with that large a value of inductance (1591.5 uH) while
still being able to supply a current of 10A up to a sufficiently high self-

resonant frequency.
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Figure 4.4 Simulated amplitude frequency response of the IF bias with ideal components.

4.3.2. Second Phase: Bias Tee Design using Practical

Components

In order to implement a practical bias tee with the desired specifications, a
practical passive inductor and capacitor must be used. Research into
available inductors and capacitors indicates the trade-off between: self-
resonant frequency, impedance, current and voltage. High current
inductors with both high self-resonant frequency and high impedance have
been more difficult to find. High self-resonant frequency ensures that the
inductor will not resonate in the desired bandwidth and therefore will
prevent the IF signal from entering the DC path while high impedance
allows adequate attenuation at frequencies above DC and therefore
increases the bandwidth. Therefore, a trade-off has to be made. So far,

the inductor specifications found to be potentially the most compatible
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with the design, are an inductor with inductance of 100 puH, effective
series resistance (sometimes called ESR or Ry) of 0.1 Q, self-resonant
frequency of 3.1 MHZ and a DC current of 10 A. At first glance, this self-
resonant frequency of 3.1 MHZ may not look sufficient to deliver a
bandwidth of 50 MHz, but it cannot be ignored because the impedance of
the inductor is still going to be high, even beyond the resonant frequency
which validates its use. To investigate this, the simulations were
performed using the equivalent circuit (model) for the off-the-shelf 100
puH inductor as shown in Figure 4.5. In this model, L represents the
nominal inductance, C,;, is the parasitic capacitance of the coil and R; is the
series resistance of the winding. Figure 4.6 displays the simulation results
of this inductor model. The impedance plot shows that the impedance
increases until the frequency reaches the self-resonant frequency, and then
decreases due to the parasitic capacitance of the inductor. Also this plot
indicates that the inductor has an impedance of magnitude greater than 600
Q2 for frequencies ranging from 1 MHz to 45 MHz: enough to provide an
attenuation of over 20 dB over that frequency range. This indicates the
potential use of the inductor at levels even higher than the resonant
frequency. ¥ However, the attenuation weakens as the frequency is

increased beyond 45 MHz.
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Figure 4.6 Simulated impedance and attenuation Frequency response of the 100 pH inductor.

What has been said about the inductor also applies to the capacitor with
practical limitations to current and voltage. Based on an intensive search a
capacitor was found with the most suitable characteristic that has a
capacitance of 15 nF, self resonant frequency of 25.6 MHz and a
maximum voltage of 1kV. The equivalent model for this capacitor is
shown in Figure 4.7 with C as the nominal capacitance, L the self
inductance of the leads and the plates, and R the dc capacitor resistance

that represents loss due to heat.
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Figure 4.7 Capacitor Equivalent circuit

The next step was to construct the IF bias tee using the selected
components (L=100 pH, C=15 nF) and to verify whether all the goals such
as, bandwidth, power, isolation, etc are achieved. The high pass filter was
built by connecting two of the off-the-shelf 15 nF capacitors in parallel,
resulting in a total capacitance of 30 nF, which is close to the calculated
ideal value. The low pass filter was built by connecting 16 inductors in
series in order to meet the previously calculated ideal value of 1591.5 pH.
The s parameters results in this configuration are shown in Figure 4.8. All
responses are close to those previously achieved in Phase One, where just
one, single inductor with an inductance of 1591.5 pH and a single
capacitor of 31.8 nF were involved, hence meeting the design
specifications. The slight change in the DC insertion loss and in the
isolation, between the DC and the IF path, were mainly due to the resonant

frequency of the inductor.
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Figure 4.8 Simulated amplitude frequency response of the IF bias with practical components

However, the resulting design also introduces a problem due to an
excessive DC loss. For example, the practical on-shelf inductor found has
a series resistance of 0.1 €, so if the previous approach of having 16
inductors in series is adopted, then the total resistance of 1.6 Q will be
produced. This will generate a drop voltage of 16 V if 10 A (max drain
current) was to be applied. Moreover, this approach of having 16
inductors makes up a great deal of space. To overcome this problem,

higher order filters were proposed.

4.3.3. Third Phase: Bias Tee Design using a Filter Design
Approach

Filters can be designed usually using the ‘image parameter’ or the
‘insertion loss’ methods. The image parameter method is simple; although
its drawback is that its response in the passband and the stopband cannot

be controlled. In contrast, the insertion loss method allows precise control

85



High Power Waveform Measurement System Enabling Characterisation of High Power

Devices Including Memory Effects -A.A Alghanim

over the passband and the stopband of the frequency response across the
entire operating range and also allows for improve filter performance

using, for example, higher order filters in a straightforward way [2].

The insertion loss method of filter design is adopted in this bias tee design
since it has been intensively used in modern filter design. The filter
design is very far-reaching due to the large number of conceivable
implementations [2]. The basic principle is addressed in this section.

References [3] [5] give more detail about filter designs.

A prototype of a low-pass filter is shown in Figure 4.9(a) while its dual is
shown in Figure 4.9(b). Either form 4.9(a) or 4.9(b) can be used as a low-
pass filter since they are reciprocal and they will give the same response.
A prototype of a high-pass filter is shown in Figure 9(c) while its dual is
shown in 4.9(d). As in the low-pass filter, either form 4.9(c) or 4.9(d) can
be used as a high-pass filter since they are reciprocal and they will give the

same response.

To have a practical bias tee using filter design approach, the last element
(at the output) of the low-pass filter must be an inductor and the last
element (at the output) in the high-pass filter has to be a capacitor,
otherwise, the DC signal or the AC signal will not go to the output port of
the device under test but will go to ground instead. The circuit provided in
Figure 4.10 illustrates this. In this example a bias tee was constructed
through use of a low-pass filter and a high-pass filter with n=3 (3 sections).
As already noted, this kind of filter construction is inappropriate for the
bias tee design, since the presence of the capacitor C1 in the low-pass
filter allows the IF signal to go to ground rather than going to the output
port of the bias tee.
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Figure 4.10 also demonstrates how easily the DC signal can be lost,
proceeding from the DC port to ground via the inductor L1 on the high

pass filter side. This calls for greater caution, when designing bias tees.

P N A S o O A R
1“1 T 1

Rs
Rs
v :( } e_ co - K J& J]% ces
Rl Rl
L1 L3 L5 L2 L4 L6

Figure 4.9 Ladder circuits for filters prototypes. (a) A low-pass filter prototype beginning with an
inductor. (b) A low-pass filter prototype beginning with a capacitor. (c) A high-pass filter prototype
beginning with an inductor. (d) ) A high-pass filter prototype beginning with a capacitor.
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Figure 4.10 Schematic of prohibited bias tee

Table 1 below lists several of the original targets to be met in the provision

of an appropriate bias tee:

Table 1 Bias tee specification

Filter Type LPF HPF

3 dB cut-off frequency |10 kHz 50 kHz
20 dB attenuation 100 kHz 20 kHz
Bandpass attenuation <0.1dB <0.1dB
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The aim was to have the 3 dB cut-off frequency (F.) at 10 kHz with an
attenuation of >20 dB at 100 kHz for the low pass filter, together with a 3
dB cut-off frequency at 50 kHz and an attenuation of >20 dB at 10 kHz for
the high pass filter. The reason behind choosing two different cut-off
frequencies was to achieve adequate isolation between the DC and IF
paths. Moreover, a lower cut-off frequency was selected for the DC path
in order to prevent interaction with the IF path. The bias tee also required
low insertion loss (attenuation) in the passband and wide rejection in the
stopband as illustrated in Figure 4.11.
Atteuation Att(:lFlmtlon

3dB 3dB |frreeerrerereereriieeniians

.
.......... $ecoee
.

passband

passband ‘ :stopban stopband
 Fe — Frequency

Fe . » Frequency

Low-pass High-pass

Figure 4.11 Characteristic response curves of filter.

The resulting bias tee uses a three-order filter type (n=3) of which three

kinds were examined during the design process:
e Butterworth filter
e Chebyshev filter

e Bassel filter
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For the purpose of achieving the required performance, several
combinations of filters have been simulated using Agilent’s Advanced

Design System (ADS).
4.4. Bias Tee Simulation and Realisation

One example of a simulated circuit is depicted in Figure 4.12. The best
results of all nine combinations of low-pass and high-pass filters were
achieved with a Chebyshev filter with 0.01 dB ripple (low pass), and a
Bessel filter (high pass). These results are depicted in Figures 4.13 and
4.14, which indicate very good isolation, with a worst case scenario of
approximately 27dB at 23 kHz between DC and IF ports and an insertion
loss of the IF path (sz;) at about 0.06 dB at 50 MHz, while the DC
insertion loss (s31) is always over 20 dB for all frequencies approximately
greater than 50 kHz. The return loss in the bandwidth of interest is a
minimum of 10 dB. The optimum circuit obtained has been realised using

off-the-shelf inductors and capacitors.
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Figure 4.12 Final IF bias tee with practical component’s values.
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Figure 4.13 Simulated amplitude frequency response of the IF bias.
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Figure 4.14 Simulated IF return loss of the IF bias tee

Figure 4.15 shows the photograph of the constructed high power bias tee
containing its three ports. The DC signal can be applied or extracted from
the bias tee through a BNC connector at the DC port, while the IF and the
output signals can be applied or extracted from the bias tee via N

connectors at the IF and the output port.
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DC+IF
PORT

PORT

Figure 4.15 photograph of'the constructed high power bias tee

4.5. TF Bias Tee Measurements

Due to the fact that the available bandwidth of the VN A is only 30 kHz to
¢ GHz, it was not possible to accurately measure the bandwidth between
DC and 30 kHz of the IF bias tee. Therefore, it was decided that two
different measurements would be carried out in which the 8753E VNA
(vector network analyzer) was used for the first measurement for
frequencies between 30 kHz to 100 MHz and the second measurement was
undertaken using the set-up shown in Figure 4.16 for frequency ranges
from DC to 30 kHz. In the second measurement, the insertion loss (IL) is
defined as the ratio of two power levels: the available source (defined as

Ps) and the available load power (Pr). Itis expressed in decibels as:
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AWG |-B5 | BiasT | Ff  [Spectrum
analyzer
50Q

Figure 4.16 Low frequency Measurement set-up.

The subsequent data for s3; (the DC insertion loss from DC to DC+IF) is
shown in Figure 4.17. The DC Insertion loss (s3;1) is always greater than
35 dB over the range of 50 kHz to 50 MHz. The measured IF insertion
loss of S,; (IF path) is about 0.1 dB at the cut-off frequency with the worst
case being 1.2 dB at 50 MHz, as depicted in Figure 4.18.

[\

g 20 \
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g
g \
Q
o
O 60
-80
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Figure 4.17 Measured insertion loss s3; (Dc port to DC+IF port)
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|S21| (IF port) [dB]
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Figure 4.18 Measured transmission of IF port s;; (IF port to Dc+IF port)

Figure 4.19 shows a plot of s3;. The isolation between the DC port and the
IF port (s32) is 27 dB minimum for the whole bandwidth. The IF return
loss is quite good for the frequency range 100 kHz to 45 MHz as is shown

in Figure 4.20.

An additional DC test was applied to the IF bias tee, which showed a DC
resistance of 0.8Q2 and a DC current handling ability of 10A without

causing any heating effects to the inductors.
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Figure 4.19 Measured Isolation s;, between DC port and IF port.
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Figure 4.20 Measured IF return loss s;;.
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The final test of the IF bias tee was to ensure that the IF bias tee would
indicate the same performance for both low and high power. This has
been achieved by terminating the output port (port 1) in a 20 Q resistor,
capable of handling a current up to 12A, while port 2 (IF port) was left
open and port3 (DC port) was connected to a high current power supply,
providing the DC port with the desired current of 10A for approximately 1
hour. The s-parameters (‘hot’ s-parameters) where then immediately
measured and compared to the ‘cold’ s-parameters, recorded when the bias
tee had been left unconnected for some time to cool down. The results of
s31 hot and s3; cold are depicted in Figure 4.21. These shows identical
results for both tests, demonstrating the excellent behaviour of the IF bias
tee, while Table 2 shows the final IF bias tee measured performance,

meeting the desired specifications.

D
a2
NS

S$31 change [dB]

0 20 40 60 80 10(¢

Frequency [MHz]

Figure 4.21 Measured changes in insertion loss s3; (DC port to DC+IF port)
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Summary of Final High Power IF Bias Tee performance

Table 2 High power IF bias tee.

ELECTRICAL:
frequency Range 30 kHz - 50 MHz
Bandwidth <7kHz to > 50 MHz

Insertion Loss

100 kHz - 15 MHz 0.1 dB Typical
15 MHz - 45 MHz <0.5dB
15 kHz - 50 MHz 1.2 dB Max

Isolation (IF to DC port):

100 kHz — 50 MHz >27dB
Return Loss >13dB
DC Voltage 100 VDC Max
DC Current 7.8 A
DC Path Resistance 0.8 ohm
Mechanical
DC Port BNC Connector
IF Port N Connector
IF+DC port N Connector
Overall Length 18 cm
Weight 1.2 1b (0.5 Kg)
Housing Aluminum
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4.6. Low Power IF Bias Tee

An extra bias tee was needed to supply the device input with the required
DC voltage and current. Fortunately this bias tee does not need to handle
high power since the device does not required high DC input current. The
design process is similar to that of the high power bias tee. Therefore and
in order not to be repetitive, only the final performance of the second bias
tee is shown. For clarity Figure 4.22 below shows the final performance
of the IF bias tee (in a linear scale for frequency up to 400 MHz) while

Figure 4.23 shows the performance in a logarithmic scale for the same

frequency range.

The final achieved specifications for this IF bias tee are summarised

below:

e Maximum DC current handling: 2A.

e Maximum DC voltage handling: 100V.

e DC channel bandwidth: 50 kHz (>20dB).

e JF bandwidth (3 dB): 50 kHz to >400MHz=.
DC-AC isolation > 20dB for all frequencies.
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Figure 4.22 Measured amplitude frequency response of the IF bias using a linear scale for frequency
up to 400 MHz.

—=—IF Insertion Loss (IF Path)

~o~DC Insertion Loss (DC Path)
- |solation ( DC to IF Path)

20

m
S,
Q
[7]
8 40 |-
Q.
(1]
e
S 60
2
2
E _80 ......
<

100

10° 10° 10* 10° 10° 10’ 10°

Frequency [Hz]

Figure 4.23 Measured amplitude frequency response of the IF bias using a logarithmic scale for
frequency up to 400 MHz.
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4.7. IF Diplexer

A diplexer in its simplest form is a network with three ports that combines
two different frequencies from two sources into a single output or splits a
signal into two paths. Based on how it is used, a diplexer can be either a
splitter or a combiner. Similar to the bias tee, a simple diplexer consists of
two filters, one for low frequency and the other for high frequency. It is
also possible to design diplexers using two band-pass filters. Therefore, it
could be said that a bias tee can be used as a diplexer but diplexers cannot

be necessary used as a bias tee.

To complete the IF test-set and make it suitable for independently load
pulling two IF components at one time, it was necessary to design and
manufacture a suitable diplexer to separate these two IF harmonic
components (IF; and IF,) using a similar process to that adopted for the IF

bias tee design.

The diplexer was designed according to the following specification: DC-
1.1MHz (IF,) and 1.8-10MHz (IF,) with insertion loss of approximately
0.5 dB and 20dB of isolation. The achieved values for the insertion loss
and isolation are shown in Figure 4.24. With this diplexer, it would be
possible to independently load pull not only IF; but also IF, at Tone-
spacing between ®; and ®w; of 1 MHz when investigating base-band

memory effect.
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Figure 4.24 Measured frequency response for the IF diplexer.

4.8. High Power IF Test-Set Realisation

The final high power IF test-set realised is shown in Figure 4.25. It
consists of two commercial IF directional couplers with a maximum
power of 50 W and a bandwidth of 10 kHz to 1GHz. The two bias tees
made on site: the high power version with a bandwidth of 50 kHz to 50
MHz and a maximum current handling of 10 A at 100 V and the low
power version with a bandwidth of 50 kHz to 400 MHz and a maximum
current handling of 2A at 100V. The IF test-set specifications has been
driven from the components specification used to build it. Thus, the IF
high power test-set bandwidth is 50 kHz to 50 MHz, defined by the lowest
components bandwidth (high power IF bias tee) with a capability of
handling current and voltage of 10A and 100V respectively. The IF test-
set was designed with the flexibility of adding or replacing any of the
present components in case it is needed. Therefore, it is possible for

example to switch the high power IF bias tee which is designed to be
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connected at the drain of the device (10A and 50 MHz of bandwidth) with
the low power IF bias tee which is designed to be connected at the gate of
the device (2A and 400 MHz) in order to expand the bandwidth from
approximately 50 MHz to approximately 400 MHz.

This would improve frequency performance, especially for those
applications when high drain current is not required but higher bandwidth
is. This bias tee switching would extend the IF test-set bandwidth from
approximately 50 MHz to 400 MHz. The IF load and source ports (see
Figure 4.25) will allow for load and/or source pull and hence allow the

investigation of the device performance such as base-band memory effects.

Figure 4.25 Realised high power IF test-set.
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4.9. Summary

A new high power IF test-set has been developed, aimed at operating over
the 50 kHz to 50 MHz frequency band for the measurement of IF
frequency and capable of handling IF power of more than SO0W. This was
made possible by the design and realisation of IF bias tee which is capable
of handling low-frequency IF signal components and its integration with a
high power IF test-set. It is possible to consider the integration of this
high power measurement capability with the established high power RF
measurement capability, coupled with a sampling scope based receiver,
that can delivered a measured solution for the characterising high-power
devices under modulated signal conditions, which are relevant for the

base-station market.
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CHAPTER S

Final Measurement System Architecture and
Validation

S.1. New High Power Waveform IF and RF Measurement

System Architecture

The new high power waveform IF and RF measurement system, with a
further modification to the previous measurement system architecture, is

shown in Figure 5.1.

The RF test-set components have not been modified, as mentioned in
chapter 3, since it is already suitable for characterising high power RF
amplifiers with a bandwidth of 1-12GHz and a maximum current and
voltage handling of 10A and 100V respectively. With respect to the IF
test-set, the low power bias tee used in the previous system (2W, 0.2A and
30V) has been replaced with the new high power IF bias tee which has a
bandwidth of 50 kHz to 50 MHz with the capacity to handle a current and
voltage of 10A and 1000V respectively, in addition to a typical insertion
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loss of 0.5 dB to the IF signal and a minimum isolation of 22 dB. Also
another bias tee has been designed on site for a wide bandwidth of 50 kHz
to approximately more than 300 MHz and a maximum current of 2A at
100V. The IF low power directional couplers were replaced with
commercially available directional couplers, manufactured by
WERLATONE, to provide the IF test-set with a bandwidth of 10 kHz to
1GHz with a maximum power of SO0OW CW, combined with a coupling of

30 dB and a maximum insertion loss of 1.2 dB.

Impedance

'Transformers'
Coupler Bias T

31RF bIRF

RF-IF
Diplexers

RF-IF
Diplexers

4-channel Microwave Sampling
Oscilloscope

JF Source IF Load
pull pull

Figure 5.1 Schematic of the new high power RF and IF measurement system with active source and
load pull.
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4-CH SCOPE

Figure 5.2 The new high power RF and IF measurement system
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The resulting measurement system has the capability to handle RF power
of more than 100W and IF power of more than 50W along with current
and voltage of more than 10A and 100V respectively. The new
measurement system can characterise devices for a bandwidth ranging
from approximately 50 kHz to approximately 12 GHz. This measurement
system is therefore suitable for investigating high and low frequencies

memory effects.

In addition, to the authors’ knowledge, no active nor passive IF load and
source pull measurement system had existed with the capability of
handling up to 100 W of IF power like the newly developed Cardiff

measurement system does.
S.2. High Power IF Test-Set Test validation

In order to initially evaluate the performance of the new high power IF
test-set it was decided to calibrate the IF measurement system and measure
its s-parameters using the 8753E VNA in the presence of all IF
components such as, IF bias tee, IF directional coupler, switches, diplexers
etc, as can be seen in Figure 5.3. The measured insertion loss (s2;) from
the input of the IF switch, through the IF directional coupler (J1), to either
the output of the IF bias tee (DC+IF) or to the DC port presents a good
indication of a useful IF measurement system in applications up to SOMHz
as shown in Figure 5.4. The insertion loss for the whole IF system is only
about 0.6 dB less than that achieved from the IF bias tee alone. This
reduction in the insertion loss is mainly caused by the IF directional

coupler.
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RF RF RF RF
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Switch RFIF
Diplexers
150Q H
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Figure 5.3 Schematic of high power RF and IF measurement system.
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Figure 5.4 Measured insertion loss (S21) for the high power IF system.

5.3. RF and IF Load Sensing Capability Test

The measurement system capability of being able to sense the load
presented to the IF and RF ports was examined using two-tone stimuli of
2098MHz and 2102MHz by terminating RF ports in 10 Q and IF ports in
50 2, on a 20W LDMOS device biased as class AB operation at fixed
input power level of 20 dBm. The evaluated IF and RF impedances,
including their harmonics are depicted in Figure 5.5 below and Table 1.
The results illustrate just how effective the IF system and the RF system
are in presenting constant 50 Q to the IF and 10 Q to RF components.

Table 1 Measured real and imaginary impedances.

Impedance IF, IF2 IF3 IF, W, WZ 2W, 2W, 3W1 3W2
Real 50.91 | 50.24 | 49.50 | 49.52 | 12.38 | 12.63 | 10.70 | 10.71 | 7.079 | 7.94
Imaginary | -3.01 | -1.94 | -1.82 | -1.06 | -0.14 | -0.43 | -1.17 | -0.9 -3.73 | -3.03
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IF, Carrier and
Harmanic impedances

4 |F impedances
O Foimpedances
O nFoimpedances

Figure 5.5 Measured baseband impedances at Zo=50£, as well as fundamental and harmonic
impedances at Zo=1042.

The IF base-band impedance control is carried out, with the same device
and tone-spacing as in the previous case, and the RF system terminated in
10Q2 impedance, with an offset-short is used for the IF termination. It is
important to note that when the offset-short termination is used, the load
presented to the device can be engineered to be low (approximately zero),
as reflected by the achieved results shown in Figure 5.6. The magnitude
and phase of IF; are not exactly at zero and 180° respectively as one
would expect for an ideal short circuit. This can be attributed to the losses
introduced by the measurement system itself, has an impedance of a
magnitude approximate equal to 62 and a phase of about 170° at a
modulation frequency equivalent to 4MHz (®3-0;=2102-2098=4MHz). In

a simple test of the systems performance an offset-short was replaced with
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an offset-open. In this case, the IF; phase would be expected to move
about 180°across the Smith chart from the previous value: 170° to
approximately -10° corresponding to (170°-180°) and this is
approximately what Figure 5.6 is showing, where the IF; impedance has
been moved from near short to near open. The phase measurement

accuracy will be verified in much greater detail in the following section.

||F1 (offset-short) ! p

\ IF1 (offset-open)
%

Figure 5.6 Measured IF impedances for offset-short and offset-open terminations

5.4. Demonstration of IF Phase Sweep using Passive Load

Pull

The IF measurement system’s ability to sweep the IF; phase around Smith
chart will be examined using ‘passive load pull’, where coaxial cables of
varying length will be connected to IF the port to sweep IF; impedance, as

can be seen in Figure 5.7. The intention was to sweep the phase of IF; to
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0°, 90°, 180°, 270° and back to 0° again. Figure 5.8 shows how effective

the IF measurement system is in presenting the desired IFi phase.

Transformers
RF-IF RE-IF
RF multi-tone L Diplexers
Diplexers
source
4-channel Microwave Sampling
Oscilloscope
Passive IF
Load pull

Figure 5.7 Schematic of the high power measurement system used to passively load pull the phase of
IFL.
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Figure 5.8 Measured IF1 impedances using passive load pull.

5.5. IF Load Pull Test using Passive Load Pull

Passive fundamental load-pull is a relatively simple concept and is
effective in allowing for the presentation of specific loads to specific
frequency components generated by a device [1] [2]. However, in the case
of passive harmonic load pull, presenting a high load reflection coefficient
using a passive tuner is difficult especially on the edge of the Smith chart
[3] [4]. Limited maximum reflection coefficient is considered to be the

most important disadvantage of passive load pull [5].

The problem is compounded at IF frequency (i.e., up to a few megahertz)
when it comes to presenting a constant IF impedance passively across
wide modulation bandwidths. Currently available commercial passive
load pull measurement system such as, Maury or Focus system do not

include base band frequencies [6]. To the author’s knowledge there are no
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commercially available IF passive or active load—pull system with the
capability of handling up to 50 W of IF power and suitable for
investigating baseband memory effect except for the one developed as a

result of this research at Cardiff University [5].

It is important to mention at this stage that even for the Cardiff IF passive
measurement system, it is almost impossible to load or source pull IF
impedance at very low frequencies (into the range of some kHz) without
severely limiting the magnitude of I". This will be demonstrated in the

example below.

Examples of passive load pull are reported in Figure 5.9 to demonstrate
and clarify the previous claim. The passive load pull ability to maintain
constant IF impedance, observed by the output of the DUT, will be
examined. The simplest method of synthesising an arbitrary impedance is
to use a piece of coaxial cable as a classical tuner to load pull IF,
impedance toward the optimum termination, which is defined as short [7].
Figure 5.9 shows the measured IF; impedances of a 20W LDMOS device
at 2.1 GHz using two-tone excitation for two modulation frequencies of
0.37 MHz and 1 MHz. The magnitude of the reflection coefficient could
not be brought to a perfect short circuit because of the expected losses and
the delay introduced by the system itself. Nevertheless, it should be
noticed that load pulling IF; to short (180 degree) at two different
modulation frequencies of 0.37 MHz and 1 MHz, results in two different
impedance magnitudes of 8.7 Q and 5.9 Q respectively. An increase in
the impedance magnitude of about 2.8Q2 is observed. This difference of
2.8Q2 between the two modulation frequencies is a serious indication of
how it would be difficult to sweep, for example, the phase of IF;, at some
kHz around the Smith chart without dramatically changing its magnitude.

To emphasise this point, the length of the coaxial cable used in the
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previous measurement to load pull IF; at Af=0.370 MHz components can

be calculated using this formula:

1 (6.1)

Je

=2 «C
360° F

Where:

® = Phase of IF; in degree
C = Speed of propagation
F = Frequency of IF;

€ = Dielectric constant of material (equal to 2.3 in the case of polyethylene

material)

Ve — Velocity factor

For simplicity, if we assume that the speed of the propagation is equal to

the speed of light, the length of the coax cable would be approximately:

_37.2 ,300000000 1

=55.25 meters
360° 370000 /2.3

For a consistent comparison, if for instance the location of the IF,
impedance at Af=1 kHz was found to be identical to that of IF; at Af=370
kHz then the new length of the coax cable needed to load IF; at Af=1kHz

would be:
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[= 37.2 ,300000000 1

— 20441 met
360° 1000 2.3 meters

If 55.25 meter of a coax cable has an internal resistance of 2.8 Q then it
would be expected for a coaxial cable length of 20441 meter to have

internal resistance of about:

204451 *2.8=1035.92 Q

Rintema=

which shows how the magnitude of this impedance has been driven from

the desired short towards an open circuit instead.

Fi@ d a
IF1@ dert=

IF1 X

1@ delta’ =

Figure 5.9 Measured IF, impedance for two modulation frequencies of 0.37 MHz and 1 MHz before
and after load pull using passive load pull.
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Even at higher IF frequencies, a passive approach cannot present a high
load reflection coefficient for IF harmonic tuning since IF harmonic tuning

also depends on the IF fundamental load pull tuning.

Figure 5.10 below is an example of base-band fundamental and second
harmonic ioad pull. Load pulling both IF; and its second harmonic IF,
through a diplexer, designed for this purpose (1 to 2 MHz), towards short
circuit, requires more than one iteration around the Smith chart, which

consequently leads to an increase in the magnitude of the IF impedances.

After all that has been said about IF passive load pull, it still provides a
reasonable amount of information about the devices performance e.g.
base-band memory effect, especially if the IF higher order components

(IF,, IF3 ...etc) are negligible.

The first experiment shows how easy, simple and cheap the passive load
pull is, and in addition, it maintains a constant load for different power
levels. Obvious disadvantages of this approach related to the limitations
of the passive IF load and source pull are illustrated and reported in Figure
5.9 and Figure 5.10. Firstly Figure 5.10 iﬁdicates that the maximum
achievable load reflection coefficient (I'Lmax) is only about 0.82, and
secondly, it shows the difficulty of sweeping the phase of I' without
severely degrading its magnitude at low IF frequencies. This highlights

the complexity of the IF load pull in comparison to RF harmonic load pull.

Figure 5.10 shows the unsatisfactory consequences of IF fundamental
(tone spacing) and IF second harmonic (two times tone spacing)
impedances being load pulled simultaneously. It is therefore important, in
the case of passive load-pull, to recognise the need for a family of

diplexers due to the large IF bandwidth involved. This is difficult and
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costly to design and hence considered to be a major problem in practise.
To avoid this, a physical diplexer is needed to fulfil this role. It could be
via the IF power amplifier, which can be used as a diplexer, if two signals
from the arbitrary wave generator (AWG) are combined by a combiner
and then fed to the input of the IF power amplifier, (see Figure 5.11). In
order to adequately investigate devices and establish accurate optimisation,
active load pull can therefore be used instead. Accurate load pull
measurement data are required to create the accurate behavioural model

needed in the designing of power amplifiers.

IF2@delta F=1MHz

before load pull

L

>
4 [iF2 after load pull]
7 I A

' 1
Q\ |IF1 after load puIIJ

IF1{@deHa k=1
bef load pll

Figure 5.10 Measured IF; and IF, impedance for tone-spacing of 1MHz before and
after load pull using passive load pull.
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5.6. Demonstration of IF Phase Sweep using Active Load

Pull

Passive load pull is easy and inexpensive to maintain, but the drawback is
its limited maximum reflection coefficient, as the previous section has
illustrated. @To overcome the limitation of achieving the maximum
reflection coefficient, active load pull is substituted to allow full coverage
of the Smith chart, by compensating for any losses incurred between the
device and the measurement system. The load reflection coefficient (I'L)

can now easily be augmented to 1 or even larger.

The measurement system illustrated in Figure 5.11 was used for this
investigation. The coaxial cable connected to the IF port in the previous
section is replaced with an arbitrary waveform generator (AWG), followed
by an IF power amplifier to inject a signal capable of sweeping the phase

of the IF components.
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Impedance

RF RF 'Transformers\* RF 'RF
Bias T. Coupler Coupler Bias T
31RF bIRF 32RF  b2RF
RF-IF
. RF-IF .
RF multi-tone Diplexers Diplexers
souree fo 2fo 3fo
4-channel Sampling
ENI 240L IF
Active IF power amplifier
Load pull G=50 dB
IFLoad
Pl WGt A AWG2
LA

Figure 5.11 Schematic of the high power measurement system used to actively load pull the phase of
IF,.

Figure 5.12 indicates the advantage of the active load pull over passive
load pull, showing full coverage of the Smith chart. The active IF load
pull measurement has been successfully undertaken at different reflection
coefficient, to determine the effects of the low frequency IF load
impedance on the linear behaviour of the DUT, such as its effect on
distortion components. IF load pull can also be used to find the optimum

IF load which might minimise the inter-modulation distortion terms.
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Figure 5.12 Measured IF1 with phase sweep for SMHz frequency separation using active load pull.

5.7. Non-Linear High Power Measurement System Test

Validation of the performance of the non-linear high power measurement
system required satisfactory calibration. The system was fully vector-
error corrected, and could therefore account for any errors introduced due
to losses, mismatches and imperfect directivities in the system. This
allowed for the measurement of the complete modulated voltage and
current waveforms and impedances, which exist at the DUT plane. This
performance was achieved through the characterisation of a 20W LDMOS

device at 2.1 GHz using two-tone excitation.
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5.8. Power Transfer Characteristic using Single-Tone

Measurement Test

Single tone (CW) measurement provides a basic method of evaluating the
linearity characterisation of RF devices. The CW power sweep, for
example, is a helpful tool in showing the most common parameter
describes the linearity performance extracted under single tone conditions,
AM-AM and AM-PM distortion along with quantifying the device 1 dB

compression point.

Demonstration of single tone test has been achieved using the non-linear
high power measurement system to characterise the 20W LDMOS device
performance including its harmonics behaviour under single tone test.
Figure 5.13 below shows the output power spectrum of the fundamental
and harmonics obtained from increasing the input power at frequency

stimulus of 2.1 GHz.
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Figure 5.13 Measured single tone power sweeps at 2.1 GHz.
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5.9. Power Transfer Characteristic using Two-Tone

Measurement Test

The measurement system was again put in a calibrated state to examine
the relationship between input and output power. In this case, the device
was biased as class AB and stimulated by a two-tone stimulus frequency
of 2098 MHz and 2102 MHz while terminating all ports to 50Q2. The
input power was swept from -5dBm (linear region) to 25 dBm
(compression) in steps of 5 dBm. The output power of a power amplifier
can not increase indefinitely, so there will be a point at which the input

power increase will not produce a corresponding rise in output power.

Figure 5.14 shows the classical power transfer characteristics of a 20W
LDMOS device as a result of increasing the input power. As can be seen
the output fundamental tone power increased linearly to an input power of
approximately 20 dBm before the device started to saturate. The output
power sweeps revealed a 1 dB compression point of about 33 dBm. The
measurement system also recorded the non-linear behaviour IM;
components (2o1-m2) and (2w;-®;) generated by the device. A constant
increase was observed in the magnitude of IM3 below a saturation level of
33 dBm at which point the device reached its optimum limit, and therefore
the output power of IMj3; began to compress as was expected. The
compression point can also be identified by the gain plot as a function of
the input power as seen in Figure 5.14, where the gain started to compress
at an input power equal to 20 dBm. The results indicated the measurement
system’s ability to measure behaviour in the device under two-tone

excitation.
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Figure 5.14 Measured two-tone power sweeps for 4MHz frequency separation.

5.10. Repeatability Test

The measurement system’s repeatability and accuracy were tested and
demonstrated using a-20W LDMOS device characterised at 2.1 GHz for
tone- spacing of 1MHz and biased as class AB using the two-tone
technique. In the first test, the input power was swept from approximately
17 dBm to approximately 37 dBm in 11 steps with averaging equal to 64
(Case 1). In the second test, the same measurement was repeated but this
time, the power sweep’s steps were increased from 11 steps to 41 steps
with averaging of 256 (Case 2). This increase in number of steps and
averaging increased the accuracy and hence indicates whether the
measurement is repeatable or not, in addition, it gives an indication of the
optimum number of steps required for characterising such a high power

device.
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Figure 5.15 shows the lower output fundamental power ®; and the third
order inter-modulation distortion lower output power IMD;. for both
Cases 1 and 2 of a two-tone technique. For plot clarity and the fact that

they are very similar to ®; and IMD3;,, ®; and IMDsy were not included.

It appears from Figure 5.15 that the device performance is well defined
whether using Case 1 or Case 2. However the difference, in dB, between
o, (Case 1) and ®; (Case 2) is defined as Delta ®; while the difference
between IMDj3p (Case 1) and IMDj3; (Case 2) is defined as Delta IMD3y,
and shown in Figure 5.16. As can be seen, Delta o, is better than -12dB at
and below the 1 dB compression point and better then -34 dB for Delta
IMD;;.. These results validate the measurement system repeatability. It is
instructive to determine the required tolerance for input power steps and
averaging to maintain time efficient measurements. Experimental
experience showed that the time required for a power sweep with 11
steps and 64 averaging (Case 1) was approximately 1 hour while for a
power sweep with 41 steps and 256 averaging (Case 2) was approximately
6 hours. For efficient time management therefore, it seems that it is too
time consuming to perform such a measurement with such a high number
of steps and averages. Furthermore, this time issue will be further

compounded when measurements involve a frequency sweep.

Moreover, it is interesting to realise that the 4™ generation 20W LDMOS
devices biased as class AB, with IF port terminated to short and the other
ports to 50 Q, do not have IMD sweet spots (minimum IMD values).
Unless those sweet spots appear below the dynamic range of the

measurement system (approximately 50 dB).
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Figure 5.15 Measured output power difference for Case 1 and Case 2.
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Figure 5.16 Difference in output power between Case 1 and Case 2.
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In conclusion, an accurate and repeatable measurement system under two-
tone technique has been demonstrated. The input power increment of 1dB
with averaging of 64 (Case 1) is appropriate since it describes device

performance very well as explained.

5.11. Base-Band Memory Effect Test using Passive Load
Pull

Examination of the measurement system’s ability to predict the electrical
base-band memory effect is tested through passive IF load-pull using the
non-linear load pull measurement system shown in Figure 5.17. The
passive IF load-pull system, consisting of coaxial cables, was used to
present a short circuit impedance to the output IF; component, common
practice for envelope termination [8] [7], in order to achieve the predicted
symmetrical IMD terms. In this measurement the RF fundamental and RF
harmonics of the measurement system were terminated with the nominal
impedance of 102, while load pulling the fundamental of the IF load
component to a short circuit. This validation is performed on a 20W
LDMOS device characterised at 2.1 GHz for two-tone spacing, 1 MHz and
5 MHz. The values for the IF load reflection coefficient (I'y), at the
reference planes of the DUT relating to the two modulation frequencies at
fixed short load, prove to be interesting. In this measurement, therefore,
the IF load port of the measurement system was terminated in the offset-
short, without load-pull, while sweeping input power for the two different

modulation frequencies of 1 MHz and 5 MHz.

Figure 5.17 shows the variation in the IF load impedance and hence the IF

load reflection coefficient (I'L) as a function of the modulation frequency.
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The magnitude of the reflection coefficient could not be brought to a
complete short circuit because of the losses and the delay introduced by
the system itself. Figure 5.18 shows the measured RF two-tone power as
well as the output inter-modulation IMD performance as a function of both
the input drive level and the base-band impedance, presented to the drain
of the device for the two modulation frequencies. The measured system
was able to detect and measure output tones w;, ®; and IMD components.
The magnitude of the inter-modulation products IMj3;, and IM3y at tone-
spacing of 1 MHz is different to that one at 5 MHz. it is difficult to
determine whether the change in the IMD magnitude, at constant input
drive level, is a result of the modulation frequency sweep or due to the
variation of the base-band impedance. Hence, the need to keep one

variable constant, while sweeping the other.

IEY&t Tope:
o HEqua Y

O IFt at Tonk-spa
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Figure 5.17 Measured IF, impedance vs. tone-spacing before load pull.
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Figure 5.18 Measured two-tone power sweeps (0, and ®,) and IMD3 for two two-tone frequency
separations before load pull.

The system’s ability to maintain a constant IF impedance, demonstrated at
the output of the DUT, will be examined through passively load pulling
the IF; impedances almost to a short-circuit, while sweeping input drive
levels at two-tone spacing of 1 MHz and 5 MHz. In this experiment,
multiple and varying lengths of coaxial cables were used to load pull all
the IF; impedances depicted in Figure 5.19 as close to short (180°) as

possible.

Figure 5.20 illustrates just how effective the IF measurement system is in
maintaining almost constant base-band impedance, regardless of
frequency variations. The impedance magnitude of IF; at 1IMHZ was

found to be about 5.5 Q while the impedance magnitude of IF; at 5 MHz is

approximately 10 €.
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It is important to realise that the passive load-pull limits the maximum
achievable magnitude of Iy, due to inherent losses introduced by the

system and by the coaxial cable used to load-pull the IF; impedances.

Figure.5.20 plots the measured value of the output RF two-tone power
performance (o; and ®;) and of inter-modulation distortion IMDj3 as a
function of input power level at two different modulation frequencies of 1
and 5 MHz. As can be seen from this graph, the behaviour of the two
output tones (0; and ;) and IMDs; g5 is observed to be approximately
independent of the tone spacing frequency however, describing this plot in
detail is beyond the scope of this section and covered in chapter 6. These
plots highlight how useful the measurement system is in measuring and
engineering base-band impedance presented at the device plane and

therefore allow the investigation of memory effect.

Figure 5.19 Measured IF, impedance vs. tone-spacing after load pull.
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Figure 5.20 Measured two-tone power sweeps (o; and ®;) and IMD; for all two-tone frequency
separations after load pull.

5.12. Spectrum of Interest for High Power LDMOS Devices

All harmonics with order greater than 3 and all mixing products with order
greater than 10 are found to be very close to the lower dynamic range of
the measurement system, resulting in noisy measurements at low drive
levels. Therefore, the system calibration will be performed for 3
harmonics and mixing terms up to the 10™ order. This is shown in Figure
5.21. The measured output power was taken with IF; and IF, terminated
to a short. It is clear that the level of IMDyg; defined as oM in Figure 5.21
and 3™ harmonic components are very small; hence it was not necessary,
for all measurements performed in this thesis, to calibrate for higher

harmonics and mixing orders.
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Figure 5.21 Measured spectrum output power for three harmonics with mixing terms of ten.

5.13. Summary

A new high power IF measurement system has been developed aimed at
operating over the frequency range 50 kHz to 50 MHz defined by the
bandwidth of the IF bias tee. This bandwidth is an order of magnitude
greater than the modulation bandwidth of W-CDMA systems.

The IF bandwidth of the measurement system can be extended to
approximately 350 MHz by replacing the previous bias tee (50 MHz
bandwidth and 10A) with another bias tee designed on site, to operate at
2A and an IF bandwidth of 350 MHz. The developed IF measurement
system provides for both measurement and engineering, via passive and
active sources and load pull, of the IF signals. The realised IF
measurement system is capable of handling IF power of more than S0W.
The integration of the developed high power IF test-set with the high

power RF measurement system (100W) has enabled the investigation of
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the effects of the low frequency IF terminations and high frequency RF
terminations on the output RF performance to be initiated. Complete
verification of the measurement system’s ability to handle all frequency
bands, especially and most importantly IF base-band, has been achieved

for the first time at these high power levels.
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CHAPTER 6

Base-Band Memory Effects in High-Power LDMOS

Power Amplifiers

All measurements in this thesis work are performed on:
I. Fourth Generation (HV4) 20W LDMOS.
II. Seventh Generation (HV7) 20W LDMOD.
III. Seventh Generation (HV7) 12W LDMOD.

Due to external and unforeseen factors relating to the deterioration of devices
used during the research process it was not possible to restrict the work to one
particular device. Table 1 below summarises the measurements reported in

Chapter 6.
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Table 6.1 Work summary.

Experiment# Device (o o jmpedance impedance voltage

Experiment#1  HV4 . Not
Section 5.1 20W Passive 5.9-10.3Q controlled 28V 370 kHz to10 MHz

Tone-spacing

Experiment#2 HV7 . . =, oo Not . 370kHzto10
Section5.2 20W Came 20080 controlled  2%Y T MHz
Experiment#3 HV7 . short 50Q .
Section53 20w MV 500 so 8V 1to6MHz
~ short  50Q 28V 370kHzto TMHz

Memory effects are complex phenomena that present major problems in
modern high-power linear microwave PA design. Specifically, these effects
have a large influence on spectral symmetry and modulation frequency
sensitivity, which in turn impacts an overall linearity and importantly the

suitability of a power amplifier (PA) to linearisation through pre-distortion.

Memory effects in microwave PAs are generally attributable to a number of
physical processes that involve thermal [1] [2] [3], electrical [2] [4] and
surface trap effects [5]. Although electrical memory is generally considered as
the major contributor, the relative significance of the different effects however
is still not clearly understood. One obvious way to develop a more complete
understanding is to attempt to remove the most likely contributing factor, and

to measure and analyse any residual effects due to the others [6] [7] [4].

*
See reference [7] in the publication list for baseband memory effect investigating for tone-spacing ranging from 1

MHzto 10 MHz

k%K
See reference [3] in the publication list for baseband memory effect investigating for tone-spacing ranging from I MHz to

10 MHz
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6.1. Base-Band Memory Effect Investigation using passive
Load Pull (First Approach)

This measurement is performed on a Freescale forth generation (HV4) 20W
LDMOS device characterised at 2.1 GHz for tone-spacing ranging between
0.37MHz and 10MHz. The two-tone measurement was performed with the
device biased in class AB at a drain voltage of 28V and a gate voltage of 3.6V

resulting in a quiescent current of 161 mA.

In this work, simple two-tone modulation and inter-modulation product
symmetry, as a function of varying excitation tone-spacing, is used as a

reliable indicator of the presence of memory effects [8] [9].

The fundamental and harmonics of the measurement system were terminated
with the nominal impedance of 102 while the IF measurement system was
used to emulate a simple practical resonant bias network as shown in Figure
6.1. To achieve this, the IF measurement system was used to present a short
impedance, a common practice for envelope termination [8] [10] in order to
achieve symmetrical IMD terms, to the output IF; component over the
frequency range from 1 and 2 MHz (default optimum). The termination at the
other frequencies was allowed to vary in a manner similar to the case of a

practical bias network.

L
To the drain oYY Y

of the (DUT) |
c L =
1 il

VDC

Figure 6.1 Simple bias network.
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Figure 6.2 shows the variations in the IF; load impedance, in the case of a
practical bias network, and hence the IF load reflection coefficient (I'L) as a
function of the modulation frequency. The magnitude of the reflection
coefficient could not be brought precisely to short because of the losses and

the delay introduced by the system itself.

IF1@40 MHz
o)
o]
-
0 .,
o
o
o
o
1@0:37MHz

Figure 6.2 Measured IF, impedance vs. tone spacing without load pull.

Figure 6.3 shows the measured RF two-tone power performance as a function
of both the input drive level and the base-band impedance presented to the
drain of the device for all tone spacing from 0.37MHz to 10MHz. The
measured output inter-modulation products, IM3s;, and IM3zy, are frequency
dependent and demonstrate all the characteristics of memory. The variation in
the inter-modulation distortion IM3;, and IM3y, for example, is greater than 10

dB at an input drive level of 29 dBm at which the device starts to compress.
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This is clearly summarised in Figure 6.4 which plots the measured values of
both fundamental output power and inter-modulation distortion IMD; as a
function of tone-spacing, at a fixed input power level of 29 dBm. The
fundamental of the output ®; and ®, remains constant and independent of the
modulation frequency. With regard to the inter-modulation distortion IMsp
and IMsy, it is clear that the linearisation level (magnitude) of IMD; is
degraded at a higher tone-spacing frequency. For example, the magnitude of
IMD3 g5 at tone-spacing of 1 MHz is approximately 0 dBm while it is about
10 dBm at tone-spacing of 10 MHz. This highlights the complexity of bias
network design.

With regard to the fundamental output power, ®w; and ®,;, a maximum
symmetry was observed at low tone-spacing frequencies while a difference of
approximately 2 dBm is observed at a tone-spacing of 10 MHz. It is important
to mention that the difference between the fundamental output power, m; and
3 as can be seen in Figure 6.4 is correlated and found to be proportional to the
variation observed in the input power (i, and ©2i,) as can be seen in Figure
6.5. Since these two signals are applied at the input of a power amplifier, it
would be expected that the power amplifier would in amplifying these two
signals and would amplify the difference between them as well. Therefore,
the asymmetry in the output signals, @, and @, is attributed to the asymmetry

in the input signals [11].

However, it is still difficult to distinguish whether the change in the IMD
magnitude, at constant input drive level, is a result of the variation of the base-
band impedance or associated with other sources of memory effect such as

thermal or trapping memory.
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Figure 6.3 Measured two-tone power sweeps (w; and w;) for all two-tone frequency separation
ranging from 0.37 to 10 MHz.
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Figure 6.4 Measured fundamental and IMD power vs. Tone-spacing at 30dBm input drive level.
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Figure 6.5 Measured fundamental input power (o, and ®;) vs. Tone-spacing.

In the second experiment, the passive IF load pull system was used to emulate
an ideal bias network, which would have short circuit impedance for all tone-

spacing ranging between 0.37MHz and 10MHz.

In this passive load pull experiment multiple pieces of coaxial cables with
different lengths were used to load pull all the IF; impedances depicted in
Figure 6.6 as close to short (180°) as possible. It is clear that the impedance
IF; at IMHz is very close to 180° and therefore, it would be easy to load this
point to short with the minimum of coaxial cable. In contrast, the situation
was quite different when dealing with the impedance IF; at 2 MHz located just
above the 180° axis. It therefore needed to be rotated about 355° around the
Smith chart in order to bring it to short. Load pulling this point required a very
long coaxial cable of approximately 50 meters, which resulted in maximum

loss.
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Figure 6.6 illustrates just how effective the IF measurement system is in
maintaining an almost constant and almost short impedance, regardless of

frequency variations.

Using a two-tone signal with different tone spacing from 0.37MHz to 10MHz
and an input drive level sweeping from 17dBm to 37dBm, the two-tone output
fundamentals (w; and ®;) as well as the output inter-modulation IMD are
shown in Figure 6.7. The maximum asymmetry between IMj;. and IM3y at
input power of 29 dBm, corresponding to 1 dB compression point, is less than
3 dB as opposed to an asymmetry of 10dB before employing load pull to
emulate ideal bias network. It was immediately evident, through the lack of
output fundamentals (®; and ;) and IMD variations with respect to tone-
spacing frequency, that electrical memory can be suppressed by designing an
ideal bias network [8] [12] [13]. This is clearly summarised again in Figure
6.8, which plots the measured values of both RF fundamental output power
and inter-modulation distortion IMDj3 as a function of tone-spacing, at a fixed
input power level of 29 dBm. The fundamental of the output w; and w; as
well as the inter-modulation distortion IM5;, and IM3y remain constant and
independent of the modulation frequency. Figure 6.8 also indicates the
improvement achieved when designing ideal bias network with constant
impedance at all modulation frequencies. For example, IMDj3; &y in the case
of ideal bias network have been improved by approximately 10 dBm at 10
MHz in contrast with the simple practical bias network.

It must be taken into account that the passive load-pull limits the maximum
achievable magnitude of I'L due to inherent losses introduced by the system
and by the coaxial cable used to load pull the IF; impedances (as mentioned in

Chapter 5).
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Chapter 6.

Figure 6.6 Measured IF, impedance vs. tone spacing using ideal bias network.
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Figure 6.7 Measured two-tone power sweeps (w; and w;) for all two-tone frequency separations.
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Figure 6.8 Measured fundamental and IMD power vs. Tone-spacing at 30dBm drive level for both
practical and ideal bias networks.

It should be mentioned at this stage that the base-band impedance was not
quite constant for all two-tone spacing (as seen in Figure 6.6). The impedance
magnitude of IF; at 2MHZ is found to be about 10.3 Q (worst case) while the
impedance magnitude of IF; at 1MHz is around 5.9 Q2 (best case).

It is as yet unclear whether the IMD asymmetry of 3 dB at the 1 dB
compression point was a result of the IF, impedance magnitude variations
from 5.9 Q to 10.3 Q, which were introduced by the long coaxial cable
involved in the previous measurement, or from other sources of memory.
Therefore it was decided to carry out an extra passive load pull measurement
in which the aim was very consistent base-band impedance (ideally 5.9 Q in

this passive case) for the whole modulation frequency.
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6.2. Base-Band Memory Effect Investigation using Passive
Load Pull (Second Approach)

This measurement is performed on a Freescale seventh generation (HV7) 20W
LDMOS device characterised at 2.1 GHz for tone-spacing ranging between
0.37MHz to 10MHz. The two-tone measurement was used with the device
biased in class AB at a drain voltage of 20V and a gate voltage of 2.8 V,

resulting in a quiescent current of 151 mA.

In order to minimise the physical length of the passive delay elements required
at IF;, and achieve approximately constant IF; impedance, passive load pull is
used, with a different procedure to the one used in the previous section. An
offset-short termination was used for values of two-tone spacing between
0.37MHz and 3MHz (range-1), whereas an offset-open termination was used

for values of tone-spacing between 4MHz and 10MHz (range-2) as can be
seen in Figure 6.9.

Range 2 o
4 to 10MHz e OACE

a:'ﬁo '«“‘Q'
{“"a
10 %
0 ?:
Range 1 Y :

5070,

0.37 to 3MHz

Figure 6.9 Measured IF; impedance vs. tone spacing without load pull.
The length of the coaxial cable that needed to be used in this measurement to

load pull all the IF; components can be calculated using this formula:
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¢ ,C
360° F

1
Je
Where:
® = Phase of IF; in degree
C= Speed of propagation
F = Frequency of IF;
€ = Dielectric constant of material (equal to 2.3 in the case of polyethylene

material)

1/\e = Velocity factor

In order to minimise the physical length of the passive delay elements required
at IF;, an offset-short termination was used for values of two-tone spacing
between 0.37MHz and 3MHz (range-1), whereas an offset-open termination
was used for values of two-tone spacing between 4MHz and 10MHz (range-2).
For example, in order to load pull IF; at 4 MHz using offset short, the length of

the coaxial cable would be approximately:

_ 356 ,,300000000 1
360° 4000000 /2.3

= 50meters

When using the offset-open instead, the IF; impedance at 4MHz shown in
Figure 6.9 would rotate by about 180° degree, and therefore, the new required
length of the coax cable would be:

_ 176 ,300000000 1

= =25met
360° 4000000 /2.3 meers

Reducing the coaxial cable length to almost half decreases the loss and the
magnitude of the base-band impedance as well as reducing the expense.
Figure 6.10 shows the variation in the base-band impedance magnitude is
between 4.3-6.8 QQ and much less than in the previous experiment (5.9-10.3Q).
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Figure 6.10 Measured impedance vs. tone-spacing after load pull.

The base-band impedance variation in this case is less than the variation in the
previous approach where offset-short termination was used for the whole tone-

spacing frequency.

Figure 6.11 shows the measured RF two-tone power performance as a
function of input drive level for all tone spacing. The behaviour of the two
output tones (®w; and m») is clearly almost independent of the tone spacing

frequency.

With regards to the inter-modulation products, IM3; and IM3y, two distinct
responses are observed. This is clearly summarised in Figure 6.12, which

plots the measured value of inter-modulation distortion IMD; as a function of
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two-tone spacing, at a fixed input power level of about 23.2 dBm. This is 5dB
below the 1 dB compression point and identified as Pref (see Figure 6.11).
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Figure 6.11 Measured two-tone power sweeps (w; and w;) for all two-tone frequency separations.

150



Chapter 6. Base-Band Memory Effects in High-Power LDMOS Power Amplifiers

BN W e
e O

/IM3L&H @hlgh

1mpedanc Cp

-
L

3
b
L4

Pout [dBc]

8888

e [M3L o 4
wiems [M3H '

Delta PIMD3 jmw]

0 1 2 3 4 5 6 7 g8 9 10
Tonespacing [MHz]

Figure 6.12 Measured IMD power and delta (the difference between IM;5 and IM;,; ) for two
impedance regions, at different two-tone frequency separations and at a constant drive level.

The results in Figure 6.11 and Figure 6.12 are completely unexpected and
differ from those predicted. Even though the base-band impedance (IF),) is
less frequency dependent when compared with the first approach, a transition
of more than 7 dBm in the output IMD3; ¢y; is presented (see figure 6.12). The
only difference between the first approach and the second approach is the
procedure of presenting short circuits to IF; components. This transition is in
direct correlation to the two different passive load-pull regions (offset-short
termination and offset-open termination). It should be noted that the other
higher IF components (IF,, IFs...etc) are generally ignored during memory

investigations and discussions.

To help understand what causes the variation in results between the first and
second approaches it was decided to plot the base-band impedance IF, for both

cases.
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Figure 6.13 illustrates the measured IF, components in both approaches. It is
important to note however that in the first approach, the offset-short
termination is used for all frequencies ranging from 0.37-10 MHz and the IF,
load presented to the device is low impedance (as seen in Figure 613(a)). In
the second approach, however, when the offset-short termination is used
(range-1), the IF> load presented to the device is low impedance. On the other
hand, when the offset-open termination is used (range-2), the IF, load
presented to the device is relatively high impedance. For example, figure
13(b) shows how the impedance presented to IF, varies significantly, moving
around the Smith chart for the two termination cases and values of two-tone
spacing. Interestingly, the second approach, although very effective in
presenting near constant impedances to IF;, is ineffective in stabilising the

impedance presented to IF; and other higher IF components.

(a) (b)

Figure 6.13 Measured IF, impedance for (a) first approach and (b) second approach with two Ranges.
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Figure 6.12 shows that IMD3 is approximately 26 dBc over range-1 and
approximately 17 dBc over range-2. The transition from region-1 to region-2
in Figure 6.12 is a result of changing the procedure from offset-short to offset-
open, as explained earlier. This procedure, which led to the presentation of
low IF; impedance in range 1 and high IF, impedance in range 2, caused the
transition between these two ranges. This variation in IF, impedance is
considered to be the primary cause of the observed variation in IMDs response
where a difference of 7 dB is observed between range 1 and range 2,

highlighting just how important the second base-band component IF; is [14].

To clarify this, figures 6.14 and 6.15 show the corresponding measured IF
current components generated by the non-linear behaviour of the transistor
along with the resulting IF voltage components developed by the IF load
impedances. Clearly it can be seen that the dominant current component is IF,,
again seen to be highly constant across frequencies due to the control of the
corresponding IF; impedance component. However, there is also a significant
IF> current component, which when presented with a high enough impedance
is capable of generating a dominant IF, voltage component. Consequently, IF,
voltage changes rapidly from 0.73V to approximately 5.5V between range 1

and range 2, resulting in a different IM3; distortion in the two regions.

To confirm this interpretation, it was necessary to design and manufacture a
suitable diplexer to separate the two IF harmonic components. The achieved
isolation between IF; and IF> was 20dB. Using this approach, the magnitude
of the IF, reflection coefficient at 1MHz tone-separation shown in Figure
6.13(b) was now independently load-pulled towards an open circuit (region-2),
whilst maintaining a constant IF; load. The achieved variation in IF;
impedance at 1 MHz results in a shift in the IM3L&p value, identified in Figure
6.12 as IM31 41 @high impedance, to that consistent with the region 2 values
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achieved at higher tone-separation. This highly controlled elimination of the
IMD; variation with tone-separation used is solid evidence of the preceding

interpretation.

The dB scale initially gives the impression of having IMDj3; asymmetry in
range 1, which is investigated further by calculating the difference (delta IM3)
between IM3. and IM3y in milliwatts (mW). In absolute terms, the measured
asymmetry remains largely constant for all values of two-tone spacing,
regardless of the existence of the two impedance regions, (as seen in Figure
6.12).

This result suggests that all significant IF impedance components must be

controlled and correctly terminated in order to remove the electrical memory.
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Figure 6.14 Measured output base-band current vs. Tone-spacing.
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Figure 6.15 Measured IF voltage vs. Tone-spacing.

These measurements demonstrate how electrical memory introduced by non-
ideal, low frequency base-band impedances represents the most significant
contributor to overall observed memory effects in high-power LDMOS PA
design. Suppression of electrical memory has been achieved to a certain
degree through the use of passive IF load-pull, and the synthesis and
presentation of frequency invariant IF impedances. Using this approach, a
more or less constant spectral symmetry has been demonstrated over a wide

modulation bandwidth.

Measurements show that third order inter-modulation behaviour is not only
dependent on the most significant IF component (IF;), but is also very
sensitive to higher order IF components. This important observation has
major implications for modern PA linearisation techniques, as well as
requiring careful consideration when designing PA bias networks. The results
show that the bandwidth over which the base-band impedances must be

controlled must be extended to at least four times the modulated bandwidth.
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Passive load-pull is simple, cost-effective, has high power-handling capability
and constant load while sweeping power. Despite these advantages, passive
load pull has a limited maximum IF load reflection coefficient (I'Lmax). ToO
overcome this drawback, the need for better measurement accuracy pushed
towards IF active load pull which does not have any IF load reflection
coefficient limitations. Also it would be important to ensure that the variation
in the IMD3.&n, which was observed in the second approach, is fully
correlated to the variation in the IF, This could be achieved by keeping IF,
constant while sweeping IF> Moreover, it would be necessary to use the
active load pull in order to investigate the cause of asymmetry between
IMD;; g1, which was found to be approximately 3 dB in the frequency range
of 0.37-3 MHz, when the second approach was applied regardless of whether
it was related to the variation in IF; or to another factor (other impedance such

as harmonic impedances).

6.3. Base-Band Memory Effect Investigation using Active
Load Pull

In this section, base-band or IF active load-pull is used to provide an effective
way to engineer all the significant IF components generated as a result of
multi-tone excitation, independent of modulation frequency. In this approach
specific IF impedance environments are presented to a device in order to probe
the sensitivity to IF impedance variations. These investigations are performed
on a 20W HV7 LDMOS device characterised at 2.1 GHz. In the previous
section passive IF load-pull was employed in order to control the low-
frequency impedances presented to the most significant IF components
generated by a device. This approach however is restricted by a number of
factors: firstly the realisable reflection coefficients are limited by the presence
of significant losses associated with both the IF test-set and the physically long

delay-lines necessary to realise the required offset short terminations. As a
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consequence, the minimum IF impedance realisable using this system was
approximately 4.3-10.3C2, which is some way from the targeted short circuit.
This is especially significant considering the relatively low optimum output
impedance of the high-power LDMOS device employed. Secondly, only one
IF frequency component could be controlled at any one time. As a
consequence, while controlling of the most significant IF frequency
component, the other IF components are terminated in arbitrary impedances,

making results difficult to interpret.

In this investigation, active IF load-pull has been used to offer fully
independent control of the impedance presented to all the significant IF
components generated by a 20W LDMOS device, overcoming all of the
problems associated with the previously described passive approach. Using
two-tone modulation, the IM3; inter-modulation products are measured as a
function of varying excitation two-tone spacing and IF impedance. By using
active IF load-pull to control IF drain impedance, it can be shown that the
measured IM3; terms are a strong function of the IF impedance over

bandwidths that are at least four times that of the modulation frequency.

For a high power device, such as the 20W LDMOS used in this measurement,
the IF components generated are large. This is especially true of IF; (twice the
modulation frequency) and IF, (four times the modulation frequency), the
most dominant base-band components. The measured output spectrum for a
two-tone stimulus of 2098.5 MHz and 2101.5 MHz when RF ports were
terminated to 10 Q, IF source port to 50 2 and IF load port in approximately 7
Q is shown in Figure 6.16. It should be noted that the magnitude of the output
power of IF; is approximately 31 dBm and is comparable to the magnitude of
o; and m; hence, this signal (IF;) can not be load pulled directly using only an

arbitrary waveform generator (AWG).
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Figure 6.16 Measured simplified two-tone spectrum for 20W LDMOS device when RF ports of the
measurement system were terminated with the nominal impedance of 10€2, IF source port in 50 Q
and IF load port in 7 Q.

In order to actively load-pull these components; an ENI 240L 20 kHz to 10
MHz, 40W linear power amplifier was used to amplify the signal from the
arbitrary wave generators (AWG) as seen in Figure 6.17. This integrated
measurement architecture provides the ability to present, independently,
specific impedances to the two significant IF frequency components, allowing
for instance a constant IF impedance environment to be maintained across a

wide IF bandwidth (50 kHz to 50 MHz) during two-tone excitation.
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Figure 6.17 Schematic of the high power measurement system

To achieve the desired IF impedances active IF load-pull was employed to
independently engineer different, frequency independent, impedance
environments at the two significant IF components; IFi and IF:, defined in
Figure 6.17. It is important to note that IF: is not successfully load-pulled for
modulation frequencies greater than 12 MHz due to bandwidth limitations of
the IF PA. The advantage of using active load pull is the ability to keep IF:
constant for all tone-spacing frequency while observing the device
performance as a function of only IFi, unlike passive load pull when IF:> was
varying as tone-spacing frequency vary (section 5.1 and 5.2). Therefore,
termination o f IF: frequency components into a short circuit while fixing IF: to
50 CI would be possible for all tone-spacing ranging between 1 MHz and s
MHz. Figure 6.18 illustrates just how effective the IF load-pull is in
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maintaining a frequency independent IF; short circuit impedance over this
frequency range. The observed variation is very small and can be seen to be
less than 0.008 in magnitude (I'max=0.998 and I'nin=0.99) and approximately
0.1 degrees in phase over the entire IF bandwidth. This is highlighted in
Figure 6.18.

IF2 for Tone-spacing
from 1 to6 MHz

e
|

V
Yy

IF1 for Tone-spacing j
from 1 to 6MHz

Figure 6.18 Measured IF;and IF, vs. two-tone frequency spacing.

Figure 6.19 presents the measured two-tone RF spectral power performance
for the case where a short circuit is presented to IF; and 50 Q presented to IF>.
In this case the two-tone frequency spacing is 2MHz. This plot shows typical
behaviour: a 1:1 slope for the two fundamental tones and an approximately
1:2.5 slope for IMj; inter-modulation components over a power sweep of some
30 dB. It should be noted that the slope of IMD; indicates that the system
cannot be completely described by the 3™ order polynomials but should

consider higher order polynomials such as the 5th order (see equation 2.12.a).
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Thus, the fifth-degree term at frequencies 3w>-2m; and 3w;-2m; (IMDs) are
plotted as well.

Figure 6.20 summarises the IM; and IMs behaviour for different values of
tone-separation ranging between 1 and 6 MHz, at a single drive level (Pref).
This power level corresponds to a point approximately 1dB below the 1dB

compression point.

The behaviour of the two output tones (w; and ;) is clearly observed to be
almost independent of the tone-separation frequency. The observed IMDj3; and
IMDs responses are found to be modulation frequency independent only
between 4 and 6 MHz.

It is important to note that the observed variation in IM3 and IMs component
magnitude observed below 3 MHz is not related to variation in base-band

impedance.

-6 IMD3L

Pout [dBm]

0 5 10 15 i 20 25
Pin [dBm] (Pref)

Figure 6.19 Measured two-tone power sweeps for 2MHz Tone-spacing where short circuit is
presented to IF1 and 50€2 to IF2.
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Figure 6.20 Measured fundamental and IMD power at different Tone-spacing at a constant drive
level of 1dB below the 1dB compression point (see Pref in Figure6.19) where short circuit is
presented to IF1 and 50 to 1F2.

To help understand this behaviour, figures 6.21 and 6.22 show the
corresponding measured IF current components generated by the non-linear
behaviour of the transistor along with the resulting IF voltage components
developed by the IF load impedances. Clearly it can be seen that the dominant
current component is IF;, which is not constant across frequencies regardless
of the full control of the corresponding IF; impedance component. It is
important to realise that the IF; current shape is almost a mirror to that of
IMDsg ;5 giving a clear indication that it must be linked to the same process that
is causing the variation observed in IMDsgs performances. However, with
regard to IF, current component, it can be clearly seen that it is small and
frequency independent but when presented to a sufficiently high impedance
(50 ©Q in this case) it was capable of generating a dominant IF, voltage
component. Consequentially, IF, voltage changes from 1.2V to approximately

0.57V between 1 MHz and 6 MHz.
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To ensure that the output fundamental and harmonic impedance presented to
the device are constant while sweeping frequency and therefore not
contributing any to the changes observed in IM3 and IMs they are plotted in
Figure 6.23 and Figure 6.24. With respect to the fundamental output
impedance (®m; and 2) their magnitudes exhibit only small change and
moreover, the slope of this change is almost constant for the whole modulation
frequency and not a mirror to the IMD3; and IMDs behaviour. Regarding the
second harmonic zone impedances (2w, 2m; and ®;+m; (IF 1)) the measured
impedance for these three components is largely constant and thus appears not

to be also the cause of the IMD frequency behaviour.

The frequency variation observed below 3 MHz is not related to variation in
base-band or RF impedance and thus must be associated with other memory

sources; i.e. thermal, surface trapping, package parasitics.
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Figure 6.21 Measured output base-band current vs. Tone-spacing.
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Figure 6.22 Measured output base-band voltage vs. Tone-spacing.
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Figure 6.23 Measured fundamental output impedance vs. Tone-spacing.
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Figure 6.24 Measured second harmonic output impedance vs. Tone-spacing.

Last experiment indicates the device sensitivity to terminating the base-band
component IF; to short. Variation of the IMD3gs5 was observed therefore it
was decided to do an extra measurement in which all dominant IF will be
terminated into 50 Q (using off-set 50€2) while sweeping frequency from 1 to

6 MH on the same device and bias conditions.

Figure 6.25 illustrate the measured IF impedance components (IF;, IF>, IF3
and IF4).

The behaviour of the two output tones (®; and ®;) and IMDsgs is clearly
observed to be almost independent of two-tone frequency spacing as shown in
Figure 6.26. This result indicates that if an appropriate frequency independent
constant base-band termination is utilised in the Power Amplifier drain bias

network no modulation frequency sensitivity in IM3gs responses would be

observed [7].
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The observed IMD; response found to be higher than the one in the previous
experiment (IF; to short and IF; to 50) while the observed IMDs response was

found to be improved.

The base-band current and voltage components are shown in Figure 6.27 and
Figure 6.28 respectively. Clearly it can be seen now that the all current
components IF;, IF> and IF3, are observed to be very frequency invariant when
terminated into 50 Q. Also the base-band voltage VIF; and VIF; are constant.
Regarding VIF,;, the magnitude of the IF; impedance varies slightly with two-
tone spacing as shown in Table 2. This small variation in the base-band

impedance causes the VIF, to vary as shown in Figure 6.28.

Table 6.2 Measured real part of the IF, impedance for all tone-spacing frequency

Tone-spacing [MHZz] 1 2 3 4 5 6
Impedance (real) 5745 | 57.35 | 5391 | 5091 [50.7 |504
Impedance (Imaginary) -7.79 |-7.85 |-5.1 -3 -2.73 | -2.27

It could be said that the IMD performance will remain constant with respect to

two-tone frequency spacing if the base-band impedance are large and constant.

For a comparison point of view, the two cases of IF impedance, State 1, where
502 is presented to all IF components and State 2, where a short circuit is

presented to IF; and 50 Q to IF; are both plotted in Figure 6.29.

Suppression of memory effect has been achieved in the case of State 1 at the
expense of higher IMDs level, however a device/PA with this behaviour

would be very attractive to those dealing with linearisation technique.
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Reference [15] stated that the linearisability of memory-less device is much
better than the one of devices with memory. This could be the perfect
application for such a scenario (50 2 terminations). In contrast state 2 has
lower values of IM3 inter-modulation distortion. This makes it attractive for

those applications that will not necessary require higher carrier to inter-

modulation ratio.

IF1, IF2, IF3,and IF4
for Tone-spacing
from 1 MHz to 7MHz

Figure 6.25 Measured IF,, IF,, IF; and IF, vs. Tone-spacing ranging from 1 MHz to 7 MHz.
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Figure 6.26 Measured fundamental and IMD power at different Tone-spacing at a constant drive
level of 1dB below the 1dB compression point (see Pref in Figure 19) with IF,, IF,, IF; and IF,
terminated to 50L.
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Figure 6.27 Measured output base-band current vs. Tone-spacing with IF,, IF;, IF; and
IF, terminated to 50.
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Figure 6.28 Measured output base-band voltage vs. Tone-spacing with IF,, IF,, IF; and IF,
terminated to S0€.
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Figure 6.29 Measured fundamental and IMD power for two impedance States at different tone-
spacing at a constant drive level of 1dB below the 1dB compression point.
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6.4. Base-Band Memory Effect Investigation using Active
Load Pull (IF; and IF; are short)

The main objective of this investigation was to present short circuit to both IF;
and IF, simultaneously using a Freescale seventh generation (HV7) 12W
LDMOS device. Termination of these frequency components into a short
circuit would be possible, particularly for tone-spacing ranging between
0.37MHz and 7MHz. In order to have a decent comparison for the result of
this experiment with the previous one (HV7 20W device) it was decided also
to present a short to IF; and 50  to IF,. To achieve this active IF load-pull
was employed to independently engineer different, frequency independent,

impedance environments at the two significant IF components; IF; and IF>.

Figure 6.30 illustrates just how effective the IF load-pull is in maintaining a

frequency independent IF; and IF, short circuit impedance.
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Figure 6.30 Measured IF1 and IF2 vs. tone spacing.
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The measured RF two-tone spectral power performance for the two cases of IF
impedance, state 1, where a short circuit is presented to IF; and 50Q2 to IF, and
state 2, where a short circuit is presented to both IF; and IF, is shown in Figure
6.31. A typical behaviour, 1:1 slope for the two tones and approximately 1:2.4
for the IM3 inter-modulation components, is observed over a power sweep of
some 30 dB. The slope of IM3 will not however be 1:3 unless IM; inter-
modulation components are set to zero. In this case the two-tone spacing is 5
MHz. The variation of measured IM3; response as a function of IF impedance

is clearly seen.

Figure 6.32 summarises the IMsgs behaviour at these two different IF
impedance states for different values of tone spacing ranging between
0.37MHz and 7 MHz, at a single drive level (Pref 1), this power level

corresponds to a point 1dB below the 1dB compression point.
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Figure 6.31 Measured two-tone power sweeps for SMHz frequency separation for both impedance
states.
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Figure 6.32 Measured fundamental and IMD power for two impedance states (State 1: IF,;=0 Q,
IF,=50 and State 2 IF,=IF,=0Q) at different two-tone frequency separations at a constant drive level
of 1dB below the 1dB compression point (see Pref 1 in Figure 31).

The behaviour of the two output tones (®; and my) is clearly observed to be
almost independent of both the tone spacing frequency and IF termination. In
the IF impedance state 1 the observed IMD; response is higher than the
reference state 2. However, in both cases of state 1 and 2 modulation

frequency independence was only observed between 4 and 7 MHz.

The frequency variation observed below 4 MHz is not related to variation in
base-band impedance and thus must be associated with other memory sources;
i.e. thermal, surface trapping, package parasites. This conclusion is consistent
with observations made in the previous measurement with the 20W HV7

device.
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To examine the device (12W) sensitivity toward 502 termination and to
compare its behaviour with the 20W device, it was decided to plot the
measured results for the two cases of IF impedance, state 1, where a 502 is
presented to IF; and IF> and state 2, where a short circuit is presented to both
IF, and IF; is shown in Figure 6.33. The overall performance of 12W device

is similar to that of the 20W device.

50 ; W1(Sta’te 1) e W“I(Staté‘ 2). [
40 o . W 2(StAtO 1) = b W2(State 2) ot
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B, 10| @@’ i |
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-20 = IMD5L(State 1) - - IMD5L(State 2)
.30 —%— IMDSH(State 1) - X -IMD5H(State 2)
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Tone-spacing [MHZz]

Figure 6.33 Measured fundamental and IMD power for two impedance states (State 1: IF,=IF,=504,
and State 2 IF,=IF,=0Q at different two-tone frequency separations at a constant drive level of 1dB
below the 1dB compression point (Pref).

In order to investigate the repeatability of the previous device measurements,
especially the inter-modulation distortion IMD3gs) behaviour in state 2 when
both IF; and IF, were terminated to short, the output power of the fundamental
(o and m;) and IMDsgs were measured at different input drive levels of 6 dB
below the 1 dB compression point (identified as Pref 2 in Figure 6.31) with a
short circuit presented to IF; and IF,. As can be seen from Figure 6.34, the
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similarity between the IMDsgs behaviour in either case of an input power of

1dB or an input power of 6 dB below the compression point is observed.

40 | —~—W1  -2-W2 |
PSS N o & . - &
i —— IMD3L - - IMD3H
[«]
a
-20 /:; _____ R
P -
—<— IMD5L -5 - IMD5H
-40 :
0 1 2 3 4 5 6 7

Tone-spacing [MHz]

Figure 6.34 Measured fundamental and IMD power vs. Tone-spacing at a constant input drive level
of 6dB below the 1 dB compression point.

So far all devices discussed in this thesis have been characterised by the
magnitude of their IMD only in order to describe their behaviour as a memory-
less devices. However, this is only true if their phases are also memory-less
(frequency independent). Because all devices used in this thesis are packaged
devices, therefore in order to measure their absolute phase they must be first
de-embedded and this is beyond the scope of this work. However, relative
phase investigations are possible. The absence of this package de-embedding
step makes it impossible to look at the terminal voltage and currents for the RF
frequency components as was done previously at IF. Phase investigation will

be restricted only to 12 W devices used in section 5 .4 since the trend observed

is the same.
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Figure 6.35 plots the measured values of the relative inter-modulation
IMD31 &1 phase when both IF; and IF, were terminated to short as a function
of tone-spacing at a fixed input power level corresponding to a point 6 dB
below the 1 dB compression point (defined as Pref 2 in Figure 6.31). The
slope of the two output tones (®; and w2) and IMDxs; gy is approximately
constant for all two-tone frequency spacing. Therefore, this device can be

classified as a memory-less device and only exhibits a constant group delay.

The phase behaviour when both IF; and IF, were terminated to 50 is
illustrated in Figure 6.36. Again the slope of the fundamental and IMD power
is constant thus, this device does not exhibit memory, only again a constant

group delay, for frequency ranging from 0.37 MHz to 7 MHz.
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-200 : = |
0 1 2 3 4 6 7
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Figure 6.35 Measured fundamental and IMD phase when terminating IF; and IF; to short at
different tone-spacing frequency at a constant input drive level of 6 dB below the 1 dB compression

point (defined as Pref 2 in Figure 31).
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Figure 6.36 Measured fundamental and IMD phase when terminating IF; and IF, to 50Q at different
tone-spacing frequency at a constant input drive level of 6 dB below the 1 dB compression point

(defined as Pref 2 in Figure 31).

6.5. Phase Sweep of Base-Band Impedance

So far analysis of the base-band impedance magnitude shows that IF
impedance can considerably influence the device performance and more
importantly its linearity. In this section investigation into the influence of the
phase of IF reflection coefficient at a magnitude of unity (at the edge of the
Smith chart) will be examined.

Based on the results of the previous measurements, an investigation of the
effect of the IF base-band impedance, (particularly the most significant
components IF; and IF,), on the output power and linearity is performed there
is a need to optimise the base-band impedance environment, rather than to just
present short circuits [8] [10] as is usually assumed. Such an investigation

would examine and support the observation made in the previous passive and
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active load pull measurement, that IF, impedance was considered to be the

primary cause of the observed variation in IMD response.

To do this investigation the value of the IF, impedance was varied while fixing
the IF, at a short circuit for two different devices. The variation of IMD3sgs
responses versus IF, impedance for 12W LDMOS at SMHz tone spacing is
shown in Figure 6.37, and the 20W LDMOS at 2MHz tone spacing is shown
in Figure 6.38. These results clearly show that variations in IF, impedance,
which is four times the modulation frequency, modify the levels of IM3gs
inter-modulation components. The results also indicated that there is an
optimum IF, impedance that minimises the IM3gs terms. The optimum IF;
impedance for the 12W device is 135° while phase of 90° found to optimum
for the 20W device [16].
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- A~ IMDSL
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= 53 ﬁ
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. _ 7 - '
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Ve oS i
H h\- 4
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0 45 90 135 180 225 270 315 360

Phase of IF2 [degree]

Figure 6.37 Measured IMD magnitude vs. phase of IF, for SMHz frequency separation with IF; held
a constant short for 12W device.
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Figure 6.38 Measured IMD magnitude vs. phase of IF, for 2MHz frequency separation with IF; held
a constant short for 20W device.

A similar response is obtained if the IF; impedance is varied while the IF;
impedance is held constant. The variation of IMDsgs responses versus IF;
impedance for 12W LDMOS at SMHz tone spacing is shown in Figure 6.39,
and the 20W LDMOS at 2MHz tone spacing is shown in Figure 6.40. The
optimum IF; impedance is not necessary short circuit (0°) but found to be 225°
for the 12W device and approximately 270° for the 20W device.
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Figure 6.39 Measured IMD magnitude vs. phase of IF; for SMHz frequency separation with IF, held
a constant S0 for 12W device.
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Figure 6.40 Measured IMD magnitude vs. phase of IF; for 2MHz frequency separation with IF, held
a constant 50Q for 20W device.

The results show that not only IF; but also IF> can modify the value of the

inter-modulation distortion components.

Thus to achieve modulation
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frequency independent response the base-band impedance must be engineered
to be frequency independent over a bandwidth that must be at least four times
that of the modulation frequency. The results also indicate that there are
separate, optimum IF; and IF, impedances that can minimise IM; and IMs

terms simultaneously.

The measurement results also show optimum base-band impedance is not
necessarily zero but could probably be a complex impedance instead. This
important observation has large implications for modern PA linearisation
techniques, as well as requiring careful consideration when designing PA bias
networks. For applications utilising wide modulation bandwidths this will

become a serious design constraint.

6.6. Location of Optimum IF Impedance Termination

Initial measurement results clearly indicated that there is an optimum IF
impedance that is effective in minimising IMDsgs distortion term, and
suggests that there is a need to optimise the base-band impedance environment.
These investigations are performed using the previous 20W LDMOS device
characterised at 2.1 GHz. From the results of the previous measurement
shown in Figure 6.38 it is clear that an optimum IF; impedance resided in a
region between 225° and 270°. Further ‘probing’ measurements suggested
that the optimum load was not actually located at the edge of the Smith chart
but it was found to be in the region identified as ‘Zone-1’ in Figure 6.41. In an
attempt to further investigate this, the next investigation involved a similar

approach where this time the IF, impedance was fixed at the earlier identified

optimum, see Figure 6.36, of I, =1£90° , also shown in Figure 6.41.

A reduction of approximately 10 dB in IMD; was observed within this region,

albeit at the expense of a significant increase in IMDs of approximately 12 dB,

180



Chapter 6. Base-Band Memory Effects in High-Power LDMOS Power Amplifiers

which was not observed in all the previous IF; and IF, sweeps. It should be
noted, with regard to Figure 6.38, that there is a weak dependence of IM; on
phase variation but an extremely strong dependence of IMs. The optimum
value of IM3 is at IF; phase of 90 degrees, however, the IM3 degradation is
only around 3 dBm at IF, of 225 degrees. But from IMs point of view, the
optimum phase would approximately be between 225 and 270 degrees where
its value has improved by almost 20 dBm. Therefore, it would be logical
alternative approach to move IF; toward 225°. Further analysis showed that
by moving and then maintaining IF, load constant within an experimentally
determined different zone of the Smith chart (Zone-2) and keeping IF; close
enough to that Zone (225°), IMD3; and IMDs distortion products could be

simultaneously reduced by more than 10 dB. Again, this is in comparison to

. . _ 0
the previous case where the IF; load was maintained at!'»=14270" and IF, to

I, =1£90°

To confirm that Zone-2 was indeed the optimum termination for IF;, for the
high power 20W LDMOS used, regardless of the modulation frequency and
the power level, it was decided to perform an extra measurement in which the

input power was swept for two different tone separations, of 1 and 2 MHz.
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Figure 6.41 Phase sweep of IF, while IF; kept constant at 90° degree.
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Figure 6.42 Measured two-tone power sweeps for 1 and 2MHz frequency separation inside zone 2.
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The measured spectral power performance for the case where the IF; load

resides within Zone-2 and IF; load is fixed at a constant ['»=1499" js shown in
Figure 6.42. Once again, a typical behaviour of 1:1 slope for the two tones
and 1:3 for the IM3 inter-modulation components is observed over a power
sweep of some 10 dB. The behaviour of the two fundamental output tones (o,
and wz) and IMDs; is clearly almost independent of the tone-separation
frequency at input power equal or greater than the compression point. With
regards to the magnitude of inter-modulation products IMDs;, and IMDsy, they
are found to be very close to the lower dynamic range of the measurement

system, resulting in noisy measurements at low drive levels.

Conclusively, terminating the IF; component into Zone-2 impedance provided
the best overall linearity, where both IMD3; and IMDs were found to improve
by approximately 10 dB. It is worth noting that when comparing IMD for
terminations of IF;-Zone-2 and IF;-short-circuit (see Figure 6.32), at an equal
input drive level of 18dBm (Pref 1 in Figure 6.31), an improvement of more
than 20dB is achieved for IMD;3; and IMD3y, and more than 12 dB in the case
of IMDs; .and IMDsy.

This observation is confirmed by the mathematical analysis in [17] which
indicates that short circuiting base-band impedance does not minimise IM3,
but alternatively there may exist some base-band complex impedance which

could minimise IM3 components [16].

6.7. Effect of Base-Band Impedance on Gain

In addition to linearity gain and efficiency are needed. To achieve linear
behaviour, the operating transmit power is reduced, typically by around 6
dB, from the power amplifier’s compression point. There is, however, the
drawback of lowered efficiency. However, there is usually a trade-off

between linearity and gain, because power amplifiers generate large
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distortion when operated in gain compression. In this particular
investigation, this is not what is happening where the optimum impedance
for linearity is also optimum for gain (gain expansion) hence; Inter-
modulation distortion and gain are coupled. Constant gain requires the use
of a highly linear amplifier, where the inter-modulation products of the

third and higher order do not compress the device.

Figure 6.43 shows the result of the phase sweep of IF; from 0 to 360
degrees at the edge of the Smith chart, with IF, held as a constant at 50Q2
with a two-tone spacing of 2 MHz for a 20W LDMOS device. It has been
possible to achieve an extra gain of approximately 6 dB at the optimum
impedance (found to be between 225° and 270°). The optimum impedance
for linearity however is in this case the same as for gain. The relation
between the IMD and gain is generally unrelated. Similar responses were
obtained when IF; impedance was kept constant at short while the IF>
impedance was variable. The gain achieved is smaller in this case, when
sweeping IF, compared to the previous case when IF; was swept (See
Figure 6.44). This is to be expected since the magnitude of IF; is usually
bigger than the magnitude of the IF> component.
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Figure 6.43 Measured gain, fundamental and IMD power vs. phase of IF, for 2MHz frequency
separation with IF, held a constant S0Q for 20W device.
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Figure 6.44 Measured gain, fundamental and IMD power vs. phase of IF; for 2MHz frequency
separation with IF, held a constant short for 20W device.
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Another example of finding optimum impedance for maximum linearity
and gain is shown below. In this case, the impedance of IF; was varied as
shown in Figure 6.45. The location of the Z; impedance found to be the
one that minimise the IMD3; hence increases the output third-order
intercept point (IP3). Z; is conveniently the optimum impedance to
maximise gain and minimise inter-modulation, while Z¢ deteriorates both

gain and distortion.

0O @ayp

Figure 6.45 Various base-band impedances presented to the device for optimum gain.
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Figure 6.46 Measured Gain and IM3L for all different impedances shown in Figure 6.45.

6.8. Effect of Base-Band Impedance on Second Harmonic
Band

Injection of base-band signals to suppress inter-modulation distortion is
desirable. Experimental measurement using a-12W LDMOS device
characterised at 2.1 GHz for two-tone spacing of SMHz and biased as Class
AB using two-tone technique have been selected to compare two cases of IF
impedance. State 1, where 50 is presented to IF, and IF, and State 2, where a

short circuit is presented to IF; and IF,.

The measured RF two-tone second harmonic spectral power for the two cases
of IF impedance is shown in Figure 6.47. It was observed that for State 2, the
in-band distortions are suppressed while it results in an increase in the out-of-
band second harmonic distortions. In contrast State 1 is a complete contrast to
State 2 resulting in an increase in the in-band distortion and a decrease for the

out-of-band components. These results, therefore, indicates that there is a very
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strong link between the injected base-band signal and the second harmonic

components.
40
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Figure 6.47 Measured spectrum output power for State 1 (5011 presented to IF I&IF2) and State
2(short circuit presented to IFI&IF2).

To investigate whether the above observation is valid for the whole bandwidth
of interest, it was necessary to sweep the frequency from 0.385 MHz to 7 MHz
at a constant input power of approximately 18 dBm corresponding to a point
of 1 dB below the compression point (see Figure 6.31). Plots of all second
harmonic components for both States are shown in Figure 6.48 and Figure
6.49. With regard to output second harmonic IFih (cDita>), an increase of
approximately 3 dB, which equals to double the power, is observed for State 2
over state 1 for all tone-spacing frequency. Also the second harmonic output
power of 2coi and 2co: were amplified by a rapid increase of approximately 9

dB.
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Figure 6.48 Measured generated second harmonic output power of 20;, 2m; and ®,+®, for a 12W
LDMOS device with a short circuit termination through IF,; and IF; injection using active load pull.
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Figure 6.49 Measured generated second harmonic output power of 20, 2®; and o+, for a 12W
LDMOS device with a 5092 offset termination at IF, and IF,.
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Unlike base-band voltages and currents, second harmonic voltages and
currents cannot be analysed in the same way due to the fact that all the devices
that have been used so far in this work are package devices. Therefore, unless
package de-embedding was performed, their contribution to the shape of the
waveform is unknown. However, the second harmonic voltages and current
are plotted to show the impact of base-band impedance termination on the
second harmonic voltages and currents. Figures 6.50 and 6.51, State 2, with
Figures 6.52 and 6.53, State 1, show the corresponding measured second
harmonic output current components generated by the non-linear behaviour of
the transistor, as well as the resulting second harmonic output voltage
components developed by their corresponding load impedances. Clearly it can
be seen that the dominant current component, in the second harmonic zone, is
IFig (w1+®2). However, there are also significant 2mw; and 2w, current
components, which when presented with a high enough impedance are
capable of generating dominant 2®; and 2w, voltage components. Clearly it
can be seen that the measured second harmonic output voltages and currents
for State 2 are always greater than the measured second harmonic output
voltages and currents for State 1, resulting in a second harmonic output power

increase in the case of State 2.
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Figure 6.50 Measured generated second harmonic output current of 20;, 20, and ®,+®, for a 12W
LDMOS device with a short circuit termination at IF, and IF,.
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Figure 6.51 Measured generated second harmonic output voltage of 2c,, 2w, and ;+w, for a 12W
LDMOS device with a short circuit termination at IF; and IF,.
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Figure 6.52 Measured generated second harmonic output current of 20,, 2w, and ®,+®, for a 12W
LDMOS device with a 50Q offset termination at IF, and IF,.
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Figure 6.53 Measured generated second harmonic output voltage of 20y, 20; and 0+, for a 12W
LDMOS device with a 50Q offset termination at IF; and IF,.
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Further research on the impact of base-band impedance on the second
harmonic components was carried out, where the IF; impedance was varied,
around the perimeter of the Smith chart. The results of this measurement are
shown in Figure 6.54, where it is clear that variations in IF; impedance
significantly modify the levels of both IMj; inter-modulation components and
second harmonic components. Again the output voltages e.g. IMzign, 201,

2m; and w+m; are plotted in Figure 6.55, as a function of IF;.

The magnitude of the second harmonic components reacts to the IF; variations
in inverse proportion to that of the IMj inter-modulation components (see
Figure 6.54 and 55). It could therefore be concluded on the basis of this data
that this behaviour is due to the mixing process between output components.
To be more precise, when the output fundamental signals mix with IF; signals,
there is a possibility that they generate products which are out of phase with
IMD; (reduction in IMD3) and in phase with second harmonic components

(increment in 2, 2w, and ®;+my).

Consequentially, base-band impedance modifies not only the level of in-band
distortion components but also modifies the level of out-of-band distortion
components especially those around the second harmonic of the carrier. This
result again shows the strong link between base-band and second harmonic
components. These results also show that optimum base-band impedance for

the in-band distortion (IMD) is the one that maximises the second harmonic

components.
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Figure 6.54 Measured output power of 12W LDMOS device for IMD; and 2" harmonic components.
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Figure 6.55 Measured output voltage of 12W LDMOS device for IMD; and 2" harmonic components.

194



Chapter 6. Base-Band Memory Effects in High-Power LDMOS Power Amplifiers

6.9. Effect of Bias Voltage on LDMOS Inter-Modulation

The bias voltage can cause a variation in the inter-modulation distortion
level and may cause asymmetry between lower and higher IM components.
This can be explained using equations (2.18) and (2.19) which show that

the valued nonlinearity coefficients ao,a1,az,...an are function of the DC

bias voltage. An investigation of the effect of the bias voltage is made
possible by using the high power measurement system with two-tone
stimulus frequency of 2099 MHz and 2101 MHz, at different input power
using a 20W LDMOS device. The gate bias voltage was varied from -
2.45V to 3.1V in steps of 0.05V at a constant drain voltage of 28V over a
power sweep of some 30 dB. Figure 6.56 shows that the terminating
impedance for the most significant IF components (IF; and IF;) has been
successfully held constant for all bias voltage. Figure 6.57 shows the
output power of the inter-modulation distortion IMD3; as a function of
input drive level for all bias voltages. The maximum symmetry is
different from one input power to another. For instance, the maximum
symmetry at input drive level of 14dBm is found to be at bias voltage of
2.78V while maximum symmetry at input drive level of 18dBm is found
to be at bias voltage of 2.94V. Figure 6.58 summarise the device
performance at the input drive level of 14 dBm where minimum IMj terms
were observed to be at gate voltage of 2.8V while the maximum symmetry
(minimum delta) is observed to be at 2.78V. Moreover, it should be noted
that at 22dBm input drive level, where the device is saturated, an
asymmetry of about 2.5 dB exists for the whole gate voltage sweep. This
plot also illustrates a reduction of IM3 term at low input drive level of

approximately 3 dB at bias voltage of around 2.8V.
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Figure 6.56 Measured IF; and IF, impedance for all gate bias voltages with tone-spacing of 2MHz.
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Figure 6.57 Measured fundamental and IMD power vs. gate voltage for different input drive level at
tone-spacing frequency of 2MHz for the IF; and IF, impedances shown in Figure 6.56.
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Figure 6.58 Measured IMD; at a constant input power level of 14 dBm and delta IM3 (AIM;= | M5,
-IM;y | ) as extracted from Figure 6.57.

6.10. Summary

In this chapter it has been demonstrated how the developed measurement
system is capable of allowing detailed investigations of the linearity and
related memory behaviour of high power transistors to be undertaken now.
The results achieved provide new insight into the both intermodulation
distortion produced by these high power transistors and its sensitivity to the
terminating impedance environment. The investigation undertaken in this case
have mainly focused on the sensitivity to the terminating IF impedance at the

transistor output.
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CHAPTER 7

Conclusion and Future Work

7.1. Conclusion

A key aim of this work was to investigate how to further develop the
Cardiff waveform measurement and engineering systems and render them
suitable for characterising the high power RF power amplifier under multi-
tone rather than single-tone (CW) excitations. It was identified that a key
advancement of the measurement system over the previous one was the
requirement to be able to handle IF power of approximately 100W, hence
the need for a new IF measurement solution. This new IF measurement
solution, when combined with the existing 100W RF measurement system,
should then be able to actively provide source and/or load pull
functionality over an approximate bandwidth of 10 kHz to 12 GHz with
dynamic range of about 50 dB. Since, no active IF load and source pull
measurement solutions existed with this same capacity for power they also

had to be established. This was successfully achieved delivering a high
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power waveform measurement and engineering system with the following

capabilities;

IF SYSTEM RF SYSTEM
Bandwidth 50 kHz — 50 MHz 1 GHz - 12 GHz
Current 10A 10A
Voltage 1000V 100V
Power >50W > 100W

The new high power multi-tone waveform measurement and engineering
system, integrating high power RF and IF measurement capability has
been used to investigate nonlinear behaviour, including the base-band
memory effect, of high power (>10W) LDMOS RF power amplifiers. A
key feature of this measurement system is the ability to measure voltage
and current waveforms at all relevant frequencies. This feature provides a
clear picture and inspection of the cause of nonlinearity and memory effect.
This is particularly seen in Section 5.2 leading to the discovery of the
importance of IF, components. Moreover, the capability of load- pulling
low frequency components at high power provides an insight into the
effect of the bias network on the overall device performance. For example,
it has been possible, through using IF load pull, to suppress electrical base-
band memory effect and measure and analyze any residual effects due to

other sources.

A comparison between passive and active IF load pull for a high power RF

power amplifier has been presented for the first time. This comparison has
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led to the conclusion that it is very impracticable to passively load pull
very low frequency components. To my knowledge, this comparison has
never been reported before. Therefore, the alternative more realistic

solution for such a problem is active load pull.

The results confirmed that electrical memory introduced by frequency
variation of the terminating IF impedances, typically associated with the
bias network, tend to be dominant. In fact it was shown that base-band
impedance must be engineered to be frequency independent over a
bandwidth of at least four times, not twice as commonly believed, that of
the modulation frequency, in order to achieve a response independent of

modulation frequency.

The measurement system’s capability in capturing and providing phase
information allows optimum base-band impedance to be located and
minimises the in-band distortion by more than 20dB, in contrast to

conventional IF short termination.

It was also observed that the base-band impedance modifies not only the level
of in-band, but also modifies the level of out-of-band distortion components,
especially those around the second harmonic of the carrier. These results
show the strong link between the injected-base-band signal and the second

harmonic components.
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7.2. Future Work

The measurement system hardware developed is capable of characterising
IF signals down to 50 kHz, hence modulation rates as low as 25 kHz.
However, due to limitation in the multi-tone sampler configuration utilised
during the course of this thesis work it was not possible to go below a
modulation frequency of 185 kHz (370 kHz of tone-spacing). This
limitation has now been resolved and it is currently possible, therefore, to
use the measurement system to investigate thermal memory effect
occurring at low frequencies (< 100 kHz). This is clear of topic of major

interest that can now be undertaken.

The conclusions drawn from this thesis indicate that, for high power
transistors, the first two IF components are a major contributor in
modifying the performance of inter-modulation distortion terms. It would
may be possible therefore, that for even higher power devices than the
ones used in this work, for example 100W, that the higher IF components
such as IF; and IF; may influence the behaviour of IMD in a way which
ensures they can no longer be ignored. This problem will be compounded
in the case of Wimax PA’s, which uses a channel bandwidth of 23 MHz.
It means that, if the first four base-band components (IF;, IF,, IF3 and IF4)
are a cause for concern, an IF test-set with a bandwidth of at least 92 MHz
(4*23=92) is needed. The present IF high power test-set is scaleable and
can be easily scaled to 1 GHz provided that there is a bias tee with a
bandwidth of 1 GHz. The research work made this possible through the
on-site design of a 2A bias tee with a wide bandwidth of 50 kHz to

204



Chapter 7. Conclusion and Future Work

approximately 1 GHz. The performance of this wide bandwidth bias tee is

shown in Figure 7.1.

It would be also possible to move from a simple two-tone stimulus to
more complex stimulation such as three-tone, four-tone...etc since the

measurement system hardware allows for such investigations.

It is important to note that it was not possible during this work to load pull
IF components for modulation frequencies greater than approximately 12
MHz due to the bandwidth limitations of the IF PA used. To further
investigate base-band memory effect at wider bandwidth, it is necessary to
purchase a suitable IF power amplifier. This could be, for example, the
ENI 50L 1 MHz to 240 MHz, S50W linear power amplifier retailing at
$4,295 from BEEL ELECTRONICS.
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Figure 7.1 Measured amplitude frequency response of the 1 GHz bandwidth IF bias.
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The other obvious future work is to control the RF impedance as well as
the IF impedance. Equation (2.19) indicates that it would be possible to
linearise the DUT via second harmonic impedance variation using RF load
pull. It is not yet clear how much the variation in in-band distortion is
related to the variation in the second harmonic impedance (not controlled
in this work but terminated to a 10Q2). It would be important to investigate
in more detail the impact of second harmonic termination on in-band
distortion and possibly find a figure of merit for the one that has the
greater impact on it. Is it base-band or second harmonic impedance? It
was therefore decided to design a high power RF amplifier on site to allow
second harmonic components (2w;, 2m; and ®;+ ®;) to be load-pulled. The
performance of this power amplifier is shown below. Figure 7.2 shows
the measured output power as a function of both input power and
bandwidth. This power amplifier is capable of delivering approximately
60W that is relevant to the investigation of high power devices. Figure 7.3
demonstrates that the minimum gain of this power amplifier is

approximately 35 dB.
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IBBBMM

Figure 7.2 Designed S0W RF power amplifier for second-harmonic load pull.
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Figure 7.3 Measured output power over bandwidth at different input power ranging from 0 dBm
( solid curve) to 13 dBm (dotted curve).
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Figure 7.4 Measured output power (left axis) and gain (right axis) at center of bandwidth.
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With this PA it is possible to use the envelope load pull (see Figure 7.5
and Figure 7.6) in order to load pull the second harmonic impedance and
observe the performance of the device under test. The obvious advantage
of using the second harmonic load pull over the base-band is that it can
exploit the integrated broadband RF impedance transformer (see Figure
5.11) to lower the power, in comparison to IF load pull, required for load

pulling high power components.

Circulator Variable Phase
Attenuator Shifter

Signal @ < ; ’4 }ﬁ
Generator

2nd harmonic
amplifier

PA

~

Figure 7. 5 Typical closed envelope load pull system.
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Circulator 2nd harmonic
amplifier
Signal Signal
Generator Generator

Figure 7. 6 Typical open envelope load pull system.

It would be possible now to investigate high frequency electrical memory
effect in addition to low frequency. It would be interesting to use the
combined RF and IF measurement system to find a figure of merit for both
the optimum IF and Fzn4 (second harmonic) frequency components at the

same time.
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Abstract —The paper presents a test-set enabling precise measurement of all signal
components generated by a modulated stimulus, hence allowing for device
characterisations relevant for communication systems. The presented test-set utilises two
different types of coupler networks to detect the fundamental and harmonic signal
components, and the IF signal components, respectively. Furthermore, the test-set is
capable of handling power levels above 100W making it applicable to devices relevant
for the basestation market.

1. INTRODUCTION

Traditionally, high-frequency measurement systems employ CW signals for
investigations of device characteristics. Device characterisations at CW frequencies only
do not allow for the measurement and investigation of important device characteristics,
e.g. memory effects [1]. Spectrum analyser based systems allow for the use of modulated
signals, however, due to their limitations, allow only for the measurement of the spectrum
magnitudes. Consequently, it is rather difficult to utilise such systems for accurate and
unambiguous analysis of non-linear circuits as a limited set of magnitudes can generate
an infinite amount of current and voltage waveforms.

Interestingly, new generation of non-linear instruments is capable of detecting
modulated signals. However, test-sets utilised within such systems are not suitable for
modulated signals. For instance, the directional couplers exhibit large bandwidth yet have
lower cut-off frequencies in the range of several hundred megahertz making them
unsuitable for the detection of low-frequency IF signal components. The problems are
further compounded when high-power devices are to be characterised as there are no bias
tees capable of handling the high-powers at DC, IF and RF with sufficient bandwidth.

2. TEST-SET FOR MODULATED SIGNALS

The proposed test-set is shown in Figure 1 and consists of two main parts: the RF part
(upper level) and the IF part (lower level) which is identical in both components
architecture and principle of operation. The two parts are separated by the RF bias tee
which should have an IF bandwidth at least an order of magnitude larger than the
modulation frequencies used for device characterisation to allow for the detection of the
fundamental and harmonic signal components of the IF signal.

The RF test- set consists of two directional couplers used to measure the incident and
reflected waveforms with a bandwidth of 1GHz-12GHz and two bias tees [2] with the
same bandwdith and a maximum current and voltage handling of 10A and 100V
respectively. Both components the RF couplers and bias tees are capable of handling up
to 100W CW.

To overcome the problem of detecting the low-frequency signal components in the IF
set, the RF coupler were replaced with commercially available directional couplers
providing the IF test set with a bandwidth of 100KHz-1000MHz with a maximum power

29


mailto:ALGHANIMA@cf.ac.uk

Tenth High Frequency Postgraduate Student Colloquiums & 6 September 2005, University of Leeds

of 100W CW. The resulting eight separate waves are combined through diplexers, hence
avoiding the use of two separate samplers as in [3]. Due to the limited DC handling of the
IF couplers it was decided to place the IF bias tee in front. However, despite substantial
efforts it was not possible to source any suitable IF bias tee capable of handling high DC
and RF voltage and currents over a large bandwidth. Therefore, it was decided to design
suitable IF bias tees on site to complete the architecture ofthe IF set.

Synthesized
Sweeper

KI- BiasTee Couplers Couplers RF BiasTcc

ESQ]

t>

ESG ESG

Low Frequency
Source

Figure 1: Schematic of the measurement System

3. IF BIAS TEE REALISATION

A major driver for the test-set development was the requirement to test high-power
devices under modulated signal conditions, hence allowing device investigations which
are relevant for the basestation market. Currently, the dominant device technology is
LDMOS with commercially available devices delivering maximum output power levels
ofup to 180W at CW conditions. However, it was thought that an immediate step to such
high powers poses to high of a risk, bearing in mind that the typical power handling of
broadband RF test-sets is approximately 20W, and it was decided to set the maximum
power handling of the test-set under development to 100W CW. The range up to 100W
CW represents also the largest part ofthe high-power device market.

Consequently, the DC and IF requirements for the IF bias tee have been derived for
the characterisations of LDMOS devices with a maximum output power of 100W.
Currently, the typical quiescent bias condition for LDMOS devices is Vd=26-28V while
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the quiescent current can reach 10A, assuming a 40% drain efficiency at the maximum
output power. The CW power at IF frequencies is expected to be 10dB below the RF
fundamental power resulting in a maximum power handling requirement for the IF bias
tee of 10W. The IF bandwidth requirement was set to SOMHz which is an order of
magnitude larger than the modulation bandwidth of W-CDMA systems. The resulting
specification for the IF bias tee are summarised below:

Maximum DC current handling: 10A
Maximum DC voltage handling: 100V

DC channel bandwidth: 7kHz

IF bandwidth: SOMHz

IF channel maximum power handling: 10W

The principle architecture of a bias tee is shown in Figure 1. It consists of just one
capacitor and one inductor. The inductor represents a low pass filter while the capacitor
represents a high pass filter.

L1
o~ DC

C1l-
e

Figure 2: Simple bias tee.

DC+IF

However, in order achieve the required performance the inductor and capacitor have
been replaced through higher order filters. For this purpose, several combinations of
filters have been simulated using Agilent ADS. One example of the simulated circuits is
depicted in Figure 3. The best results were achieved with a Chebyshev filter with 0.01 dB
ripple for the low pass filter and a Butterworth filter for the high pass filter. The obtained
optimum circuit has been realized using off-the-shelf inductors and capacitors.

Butterworth HPF Chebyshev LPF
L2 L1
DCHF <= e Bt P brren =l 2
C2%30nF 100 uH l 100 uH

C1T 110nF

100 UH%

C3 ¥ 165nF

IF
Figure 3: Bias tee with practical component’s values.
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3 BIAS TEE MEASUREMENTS
The realised IF bias tee has been tested using the 8753E VNA and the results are
shown in Figure 4. The transmission loss of the IF port is better than -3dB for the entire
frequency range from 30 KHz to S0 MHz and the isolation between DC &IF is 37 dB
minimum. Unfortunately, the available bandwidth of the VNA is only 30 KHz-6 GHz,
hence is was not possible to measure accurately the bandwidth of the DC channel.
Nevertheless, a DC test was applied on the IF bias tee showed a dc resistance of 0.8Q.

Figure 4: a) Measured transmission of IF port b) return loss of DC port and c) Isolation between DC

& IF.

A new high power measurement system has been developed to handle RF power of
more than 100W and to combine two systems namely RF and IF system to study the
effects of IF and RF impedance terminations and electrical memory effects on the

4. CON

CLUSIONS

linearity and efficiency of high- power transistors.
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Investigation of electrical base-band memory effects
in high-power 20W LDMOS transistors using IF
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Abstract— Memory effects are complex phenomena that present
major problems in modern high-power linear microwave PA
design. Specifically, these effects have a profound influence on
spectral symmetry and modulation frequency sensitivity,
consequently impacting overall linearity and most importantly,
the suitability of a Power Amplifier (PA) to linearisation through
pre-distortion. This paper presents detailed, two-tone modulated
measurements that clearly show how electrical memory,
introduced by non-ideal low-frequency base-band impedances,
represents the most significant contributor to overall observed
memory effects in high-power LDMOS PA design. The analysis is
achieved through the characterisation of a 20W LDMOS device
at 2.1 GHz using two-tone excitation and a purpose- built, high-
power measurement system, which enables the collection of both
RF and IF voltage and current waveforms, together with all
associated impedances.

I INTRODUCTION

The evolution of 3rd and 4th generation (3G, 4G) mobile
communication services has generated more concern about the
development of the communication system. The 3G system is
based under the International Mobile Telecommunications
programme (IMT-2000), which employs wideband code
division multiple access (W-CDMA) and achieves a
transmission rate of 2 Mbit/s with a 5-MHz frequency
bandwidth. The 3rd generation of mobile communication
systems is designed for applications such as Internet services,
e-mail, database retrieval, video telephony, interactive video
and sound (music and TV).

Despite the enhanced features of 3G systems, it is still
evident that a broader bandwidth is required - particularly when
dealing with full-motion video applications. New mobile
communication services and applications require a higher data
bit- rate which demands a greater bandwidth. The 4th
generation (4G) communication system will be capable of
delivering speeds of 100 Mbit/s and 1 Gbit/s using channel
bandwidths of 1.25 to 23 MHz, therefore offering enhanced
quality (e.g. in multimedia, video and sound).

The radio frequency (RF) power amplifier (PA) in base
station systems is typically the most costly component. The
increasing number of mobile users, combined with growing
demands for a higher data rate, has pushed the RF designer to

try and exploit allocated bandwidth to its full potential. This
requires the design of a linear power amplifier capable of
producing a linear response over a wide bandwidth. Intensive
research on the linearity of RF power amplifiers in wireless
communication has become a global concern.

II.  LINEARITY AND MEMORY EFFECTS

Linearization techniques can be used to achieve high
linearities (carrier to intermodulation (C/I) ratio). Memory
effects, however, which can be defined as changes in the
amplitude or phase of distortion components (IMD) caused by
changes in modulation frequency (Aw), restrict the linearization
techniques for devices exhibiting memory [1] [2].

In order to use the entire bandwidth at maximum efficiency,
RF power amplifiers with a higher carrier to intermodulation
ratio level and memory-less device performance is necessary.
For example, the maximum permissible adjacent channel
leakage ratios (ACLR) for mobile terminals are -33dBc and -
43dBc for 5 MHz and 10 MHz respectively [3] [4], otherwise
distortion into adjacent channels and error in detection of the
desired signal may occur. A typical value of carrier to
intermodulation ( C/I ) ratio for a linear power amplifier is 30
dB or more [5] [6].

To meet these challenging standards, circuit designers
have two major approaches aimed at gaining a higher C/I ratio.
They may terminate the DUT with an appropriate impedance
or use one of the available linearization techniques.

In this paper the linearity and memory are studied and
examined via the behavior of the in-band intermodulation
distortion (IMD). The main source of the in-band distortion is
the out-of-band distortion related to impedances presented at
either the input or the output of the device, especially those of
low frequency impedance (baseband impedance). In order to
regulate the in-band distortion, the out of-band distortion must
be controllable (engineered).

Memory effects in microwave PAs are generally
attributable to a number of physical processes that involve
thermal [7], electrical [8] and surface effects [9]. Electrical
base-band memory effect is generally considered to be the
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major contributor and therefore, one obvious way to develop a
more complete understanding is to attempt to eliminate the
most likely contributing factor, and to measure and analyse any
residual effects due to the others.

Full investigation of electrical memory effect requires a
thorough examination of all impedances presented across the
complete frequency spectral (preferably from DC to some of
nRF). Unfortunately current commercial measurement systems
do not accommodate low frequency impedance due to
limitations in technology at these frequencies [10] [11] [12].

The difficulty in investigating low frequencies is
compounded by the fact that the biasing network should have
constant, and ideally, zero impedance at all low frequency (IF)
ranges. Otherwise, AC voltages may be generated and added
to the power supply voltage, causing amplitude and/or phase
modulation, and resulting in asymmetry in the IMD [5] [8]. In
the case of a 5 MHz W-CDMA signal, for example, such a bias
network needs to be constant and ideally at zero for at least
eight decades of bandwidth. In contrast, designing a matching
network with consistent impedance for the RF frequency and
its first 10 harmonics requires only one decade of bandwidth.
This highlights the complexity of bias network design.

In this work, the measurement of inter-modulation products
resulting from two-tone excitation, performed as a function of
varying tone-spacing is used as a reliable indicator of the
presence of memory effects [13] [14]. The objective of this
approach is to eliminate the sources of electrical memory and
thus establish whether the measured 3rd order intermodulation
distortion (IMD3) levels and symmetry become frequency
independent over a wide range of stimulus tone-spacing. This
is achieved by presenting a low baseband impedance
environment across a wide modulation bandwidth. Such
measurements has been made possible by the development and
fabrication of a pioneering new modulated waveform
measurement system which permits the gauging and
engineering of all relevant frequency components, i.e. RF,
baseband and DC [13] [10].

III. MEASUREMENTS AND RESULTS

A. Measurement and Result using a Simple Bias Network

Passive load-pull has been employed as a means of
engineering the most significant baseband component
(IF1=w2-w1) resulting from 2-tone excitation with a tone-
separation between 0.385 and 10 MHz.

The fundamental and harmonics of the measurement
system were terminated with the nominal impedance of 10Q,
while the IF measurement system was used to emulate a simple
practical resonant bias network. To achieve this (see Fig. 1)
the IF measurement system was used to present short
impedance to the output IF, component (IFj=w;-w;) at
frequencies 1 and 2 MHz(default optimum) with a view to
obtaining symmetrical IMD terms as common practice for
envelope termination [13] [15] and variation at other
frequencies, as in the case of a practical bias network.

This measurement is performed on a Freescale 4th
generation (HV4) 20W LDMOS device characterized at 2.1
GHz. The two-tone measurement was used with the device
biased as Class AB at a drain voltage of 28V and a gate voltage
of 3.6V. resulting to a quiescent current of 161 mA.

Fig. 2 shows the variations in the IF, load impedance,
within a practical bias network, and therefore the IF load
reflection coefficient (I'L) as a function of the modulation
frequency. The magnitude of the reflection coefficient could
not be brought precisely to short because of the losses and the
delay introduced by the system itself.
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Figure. 1 simplified two-tone spectrum.
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Figure. 2 Measured IF, impedance vs. Tone-spacing with a simple (practical)
bias network.

Fig. 3 shows the measured RF two-tone power performance
as a function of both the input drive level and the base-band
impedance presented to the drain of the device for all tone-
spacing. The measured output inter-modulation products, IM;,
and IM;y, are frequency dependent and demonstrate all the



characteristics of memory. The variation in the intermodulation
distortion IM3_ and IMsy, for example, is greater then 10 dB at
an input drive level of 29 dBm: a point at which the device
starts to compress. This is clearly summarized in Fig. 4, where
measured values are plotted, illustrating both fundamental
output power and inter-modulation distortion IMD; as a
function of tone-spacing, at a fixed input power level of 29
dBm. With regard to the intermodulation distortion IMs; and
IMsy, it is clear that the carrier to intermodulation ratio of
IMD; degrades at a higher tone-spacing frequency. For
example, the magnitude of IMD; 4y at a tone-spacing of 1
MHz is approximately O dBm while it is approximately 10
dBm at a tone-spacing of 10 MHz. This highlights the
shortcomings of the simple bias network and the complexity of
bias network design. However, Fig. 4 also indicates that it
would be possible to have approximately frequency
independent inter-modulation distortion (IMD;) for modulation
frequency ranging from 1 to 7 MHz regardless of the variation
in the baseband impedance (see Fig. 2). This baseband
impedance variation is the tolerance that the bias network
designer could have.

As far as fundamental output power is concerned, w; and
,;, maximum symmetry was observed at low tone-spacing
frequencies, while a difference of approximately 2 dBm is
observed at a tone-spacing of 10 MHz (see Fig. 4). It is
important to mention that the difference between the
fundamental output power, ®, and ®, demonstrated in Fig. 4 is
correlative and found to be proportional to the variation
observed in the input power (w;;, and w,;,) illustrated in Fig. 5.
Since these two signals vary at the device reference plane
(adjusted to have the same magnitude from the ESG but they
varied as they hit the device input) and are applied at the input
of a power amplifier, it could therefore be expected that the
power amplifier would amplify these two signals as well as the
difference between them. Consequently, the asymmetry in the
output signals, ; and o,, is attributed to the asymmetry in the
input signals.

However, it is still difficult to distinguish whether the
change in IMD magnitude, at constant input drive level, is a
result of the variation of the base-band impedance or associated
with other sources of memory effect such as thermal or
trapping memory.
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Figure 3 Measured two-tone power sweeps (w; and w,) for all tone-spacing
frequency, ranging from 0.37MHz to 10 MHz.

40

vesfovsees w1 W2
30| -~ i

20

IMD3L —e—IMD3 H

10

Pout [dBm]

Tone-spacing [MHz)
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Figure. 5 Measured fundamental input power (W1 and W2) vs. Tone-spacing.

B.  Measurement and Results using an Ideal Bias Network

In the second experiment, the passive IF load pull system
was used to emulate an ideal bias network, predicted to have
short circuit impedance for all tone-spacing ranging from
037MHz and 10MHz.

Fig. 6 illustrates the ideal bias network performance, which
is almost constant and almost short impedance, regardless of
frequency variations.

The two-tone output fundamentals (w; and ;) as well as
the output inter-modulation IMD are shown in Fig. 7. The
maximum asymmetry between IMj; and IMsy at an input
power of 29 dBm, corresponding to a 1dB compression point,
is less than 3 dB as opposed to an asymmetry of 10dB (for the
simple bias network) before an ideal bias network was
emulated. It was initially evident, that due to the lack of output
fundamentals (®; and ®,) and IMD variations regarding tone-
spacing frequency, the memory can be suppressed by designing
ideal bias networks[13] [16] [17]. This is clearly summarized
again in Fig. 8 which plots the measured values of both
fundamental output power and inter-modulation distortion



IMD; as a function of tone-spacing, at a fixed input power
level of 29 dBm for both bias networks. The fundamental of
the output w; and w, as well as the intermodulation distortion
IM;, and IM,y remain constant and independent of the
modulation frequency for the ideal bias network. Fig. 8 also
indicates the improvement achieved when designing an ideal
bias network with constant impedance at all modulation
frequencies. For example, IMDj; gy, in the case of ideal bias
network, have been improved by approximately 10 dBm at 10
MHz in contrast with the simple bias network.

IF1 for Tone-spacing * .
/(0.37 MHz to 10 MHz2) .,

Figure. 6 Measured IF, impedance vs. Tone-spacing with ideal bias network.
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Figure. 7 Measured two-tone power sweeps (w) and w») for all two-tone
frequency separations.
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Figure. 8 Measured fundamental and IMD power vs. Tone-spacing at 30dBm
drive level for both practical and ideal bias networks.

IV. CONCLUSIONS

This paper presents detailed two-tone modulated
measurements. These measurements clearly demonstrate how
electrical memory, introduced by non-ideal low-frequency
base-band impedances, represent the most significant factors in
overall observed memory effects related to high-power
LDMOS PA design. Suppression of electrical memory has
been achieved through the use of passive IF load-pull to
emulate an ideal bias network, and the synthesis and
presentation of frequency invariant IF impedances. Using this
approach, a constant spectral symmetry has been demonstrated
over a wide modulation bandwidth.
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Abstract— Memory effects are complex phenomena that present
major problems in modern high-power linear microwave PA
design. Specifically, these effects have a large influence on
spectral symmetry and modulation frequency sensitivity which in
turn impacts overall linearity and importantly the suitability of a
Power Amplifier (PA) to linearisation through pre-distortion.
This paper presents detailed two-tone modulated measurements
that clearly show how electrical memory introduced by non-ideal
low-frequency base-band impedances represent the most
significant contributor to overall observed memory effects in
high-power LDMOS PA design.

The analysis is achieved through the characterisation of a 20W
LDMOS device at 2.1 GHz using two-tone excitation and a
purpose built high-power measurement system that allows the
collection of both RF and IF voltage and current waveforms
along with all associated impedances.

I. INTRODUCTION

Memory effects in microwave PAs are generally
attributable to a number of physical processes that involve
thermal [1], electrical [2] and surface effects [3]. Although
electrical memory generally considered as the major
contributor, the relative significance of the different effects is
however still not clearly understood. One obvious way to
develop a more complete understanding is to attempt to
remove the most likely contributing factor, and to measure
and analyse any residual effects due to the others.

In this work, and for the first time at high power levels,
simple two-tone modulation and inter-modulation product
symmetry as a function of varying excitation tone-spacing is
used as reliable indicator of the presence of memory effects [4
5]. Using this approach, it can be shown that by controlling
the sources of base-band electrical memory and specifically
by using passive IF load-pull to maintain a constant IF
impedance environment for a wide range of two-tone stimulus
frequency separations, the measured IM3 terms remain largely

is

symmetrical and tone spacing invariant.

II. MEASUREMENT SYSTEM

This investigation has been made possible by the
development of a novel high-power modulated waveform
measurement system that allows the observation and control
of all relevant frequency components (RF, IF and DC) [4, 6].
The developed measurement system is capable of handling IF
and RF power levels in excess of 100W which makes it
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particularly relevant to the characterisation of devices used in
mobile communications system base-station applications.

RF RF
Couplers BiasT

-IF
o835
RF Source
pull

4-channel Microwave Sampling
Oscilloscope

IF Load
pull

IF Soiree
pull

Fig 1 Schematic of the high power measurement system

The measurement system itself is shown in Figure 1 and
consists of two main entities: the RF test-set (upper level) and
the IF test-set (lower level) which are identical in terms of
both component architecture and principle of operation.

The architecture incorporates combined IF and RF
capabilities allowing the collection of all four travelling waves
at both IF and RF frequencies. Diplexing the coupled RF and
IF components of the signal prior to measurement is a key
feature, and ensures phase coherence between measured IF
and RF components. The system is fully vector-error
corrected, and can therefore account for any errors introduced
due to losses, mismatches and imperfect directivities in the
system, thus allowing for the measurement of the complete
modulated voltage and current waveforms and impedances
that exist at the DUT plane.

Whereas the RF test-set is made up of off-the-shelf
components, it was not possible to source an IF bias-tee
possessing the combined DC current, RF power and
bandwidth capabilities required. It was necessary therefore to
design and manufacture suitable bias networks in-house to
meet the required criteria and to allow the measurements
discussed in this paper. This completed the measurement
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architecture and provides the ability to present specific
impedances to the significant IF frequency components,
allowing for instance a near constant IF impedance
environment to be maintained across a wide IF bandwidth
during two-tone excitation.

IIL. MEASUREMENT RESULTS

Active harmonic load-pull is a relatively simple concept
and is effective in allowing the presentation of specific loads
to specific frequency components generated by a device [7].
Presenting constant IF and RF loads actively across wide
modulation bandwidths is however extremely difficult in
comparison, and fraught with complexity. For the
measurements presented in this paper, input and output RF
impedances were established at 10 Ohms using broad-band
5:1 impedance transformers [8].
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Fig 2 simplified two-tone spectrum

In terms of IF, and with reference to fig-2, passive load-puil
was employed as a means of presenting a near short to IF,; -
the most significant IF component, for tone-spacing ranging
between IMHz and 9MHz. In order to minimise the physical
length of the passive delay elements required at IF,, an offset-
short termination was used for values of tone-spacing between
IMHz and 3MHz (range-1), whereas an offset-open
termination was used for values of tone-spacing between
4MHz and 9MHz (range-2). It is important and interesting to
note however that this approach, although very effective in
presenting near constant impedances to IF, is ineffective in
stabilising the impedance presented to IF, and other, higher IF
components that are generally ignored during memory
investigations and discussions. For example, figure 3 shows
how the impedance presented to IF, varies significantly,
moving around the Smith chart for the two termination cases
and values of tone spacing.

It is important to note however that when the offset-short
termination is used (range-1), the IF2 load presented to the
device is low impedance, whereas when the offset-open
termination is used (range-2), the IF2 load presented to the
device is relatively high impedance.

Fig. 4 shows the measured RF two-tone power performance
as a function of input drive level for all tone spacing. The
behaviour of the two output tones (w;, and w,) is clearly
almost independent of the tone spacing frequency.

Fig 3 Measured IF, and IF, impedance vs. tone spacing
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Fig 4 Measured two-tone power sweeps (w; and wy) for all two-tone
frequency separations
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Fig 5 Measured IMR3L and IMR3H vs. Tone-Spacing

With regards to the inter-modulation products, IM3L and
IM3H, two distinct responses are observed. This is clearly
summarized in fig. 5 which plots the measured value of inter-
modulation distortion ratio IMR3 as a function of tone-
spacing, at a fixed input power level of about 23.2 dBm which
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is 5dB below the 1 dB compression point and identified as
Pref (see figd). As can be seen from this graph, two distinct
regions are observed correlating directly to the two different
passive load-pull regions. IMR3 is approximately 26 dB over
range-1 and approximately 17 dB over range-2. This
symmetry and a lack of any variation with tone separation
frequency is a clear indication of the absence of memory
effect in an environment where IF impedances are frequency
invariant. The results show clearly that the variation of the
impedance of the higher orders IF terms, which in this passive
load-pull case are not deliberately controlled, contribute
significantly to the observed variation over frequency.

To help understand this, figures 6 and 7 show the
corresponding measured IF current components generated by
the non-linear behavior of the transistor along with the
resulting IF voltage components developed by the IF load
impedances. Clearly it can be seen that the dominant current
component is IF;, again seen to be very frequency invariant
due to the control of the corresponding IF impedance
component. However, there is also a significant IF, current
component, which when presented with a high enough
impedance is capable of generating a dominant IF, voltage
component. Consequentially, IF, voltage changes rapidly
from 0.73V to about 5.5V between range 1 and range 2,
resulting in a different IM3 distortion in the two regions. This
result suggests that all significant IF impedance components
must be controlled and correctly terminated in order to
remove the electrical memory.
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Fig 6 Measured IF current vs. Tone-Spacing
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Fig 7 Measured IF voltage vs. Tone-Spacing.

IV. CONCLUSIONS

This paper presents detailed two-tone modulated
measurements using a combined RF-IF measurement system.
These measurements clearly demonstrates how electrical
memory introduced by non-ideal low-frequency base-band
impedances represent the most significant contributor to
overall observed memory effects in high-power LDMOS PA
design. Suppression of electrical memory has been achieved
through the use of passive IF load-pull, and the synthesis and
presentation of frequency invariant IF impedances. Using this
approach, a constant spectral symmetry has been
demonstrated over a wide modulation bandwidth.

Measurements show that third order inter-modulation
behaviour is not only dependent on the most significant IF
component (IF;), but is also very sensitive to higher order IF
components. This important observation has large
implications for modern PA linearisation techniques, as well
as requiring careful consideration when designing PA bias
networks.
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Sensitivity of electrical baseband memory
effects to higher-order IF components for
high-power LDMOS power amplifiers

A. Alghanim, J. Lees, T. Williams, J. Benedikt and P.J. Tasker

Memory effects are complex phenomena that present major design pro-
blems in modern high-power microwave power amplifier (PA) design,
having a large influence on the suitability of a PA to linearisation
through pre-distortion. Presented are detailed modulated measurements
that clearly show how baseband electrical memory, introduced by the
baseband impedance presented to the device, is by far the most signifi-
cant contributor to overall observed memory effects in a high-power
LDMOS PA design. These investigations are performed on a 20W
LDMOS device characterised at 2.1 GHz within a purpose-built,
high-power measurement system.

Introduction: Memory effects in microwave power amplifiers (PAs) are
generally attributable to a number of physical processes that involve
thermal [}}, electrical {2] and surface effects {3]. Although baseband
electrical memory is generally considered as the major contributor, the
relative significance of the various effects is however still not clearly
understood. One obvious way to gain further understanding is to sup-
press the most likely contributor, and observe the remaining residual
effects.

In this Letter, the measurement of inter-modulation products resulting
from two-tone excitation, performed as a function of varying tone-sep-
aration, is used as a reliable indicator of the presence of memory effects
{4, 5]. The objective of this approach is to eliminate the sources of elec-
trical memory and thus observe if the measured third-order intermodula-
tion distortion (IMD3) levels and symmetry become frequency
independent over a wide range of stimulus tone-separation. This is
achieved by presenting a low baseband impedance envircnment across
a wide modulation bandwidth. This type of measurement has been
made possible by the development and fabrication of a novel modulated
waveform measurement system that allows the measurement and engin-
eering of all relevant frequency components, i.e. RF, baseband and DC
4.6
Measurement and results: Passive load-pull has been employed as a
means of engineering and presenting a near short to the most significant
baseband component (IF1 = w2—wl) resulting from two-tone exci-
tation with a tone-separation between 1 and 9 MHz. To minimise the
physical length of the necessary passive delay elements, an offset-
short termination has been used for tone-separation between 1 and
3 MHz (region-1), whereas an offset-open termination has been used
for tone-separation between 4 and 9 MHz (region-2). It is important to
note that this approach, although very effective in presenting constant
impedance to IF1, is less effective in controlling the impedances pre-
sented to the generally overlooked higher frequency baseband com-
ponents, such as the second-harmonic baseband component IF2 =
2(w2 — wl). This is illustrated in Fig. 1, where the impedance presented
to IF2 is observed to differ significantly for the two cases of termination.
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Fig. 1 Measured IF; AND IF, impedances against tone-separation
Fig. 2 shows measured RF two-tone power performance against tone-

separation, at a fixed input power level of 5 dB below the 1 dB com-
pression point, where it is clear that the behaviour of the two output
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tones (wl and w2) is almost independent of the tone separation.
Moreover, Fig. 2 presents the measured third-order intermodulation dis-
tortion products IMD3L and IMD3H, where two distinct regions are
observed correlating directly to the two different passive load-pull
regions. The measured IMD3 products are approximately 3 dBm in
region-1 and 12 dBm in region-2.
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Fig. 2 Measured fundamental, IMD power and asymmetry for two impe-
dance regions, at different two-tone frequency separations and at constant
drive level
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The measured asymmetry (Delta IMD3), which is defined as the
difference in mW between IMD3H and IMD3L remains largely constant
for all values of tone separation, regardless of the existence of the two
impedance regions.

This result clearly shows that it is variation of the impedance at the
second-harmonic baseband component, which was not controlled, that
accounts for the observed variation, i.e. electrical memory, in IMD3
response with tone-separation used. To help understand this, Figs. 3
and 4 show the corresponding measured IF current components gener-
ated by the nonlinear behaviour of the transistor along with the resulting
IF voltage components developed by the IF load impedances. It can be
seen that the dominant current component IF1 is clearly frequency invar-
iant due to the control of the corresponding IF impedance component.
However, there is also a significant IF2 current component, which
when presented with a high enough impedance, is capable of generating
the dominant IF2 voltage component shown in Fig. 4.

1 2 3 4 5 [} 7 8 @8
1one-separation, MHz

Fig. 3 Measured IF current against tone-separation (MHz)
—&— I(IF1)
~g I(IF2)
—e— 1(IF3)

To confirm this interpretation, it was necessary to design and manu-
facture a suitable diplexer to separate the two IF harmonic components.
The achieved isolation between IF1 and IF2 was 20 dB. Using this
approach, the magnitude of the IF2 reflection coefficient at 1 MHz
tone-separation shown in Fig. 1 was now independently load-pulled
towards an open circuit (region-2), while maintaining a constant IF1
load. The achieved variation in IF2 impedance at 1 MHz results in a
shift in the IM3L and H value, identified in Fig. 2 as IM3L&H at
high impedance, to that consistent with the region 2 values achieved
at higher tone-separation. This highly controlled elimination of the
IMD?3 variation with tone-separation used is solid evidence of the pre-
ceding interpretation.
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Fig. 4 Measured IF voltage against tone-separation (MHz)
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This result clearly shows that variations in IF2 as well as IF! load
impedance can significantly modify the levels of IMD3 components.
Thus, to achieve a modulation frequency independent response, the
baseband impedance must be engineered to be frequency independent
over a bandwidth that must be not twice, as previously assumed, but
at least four times that of the modulation frequency, i.e. twice the tone
separation.

Conclusions: In this Letter, it is shown how it is possible to experimen-
tally validate and demonstrate the dependence of electrical memory
effects on baseband impedance. It has been shown that the power
levels and therefore the frequency dependence of inter-modulation dis-
tortion is not only dependent on the impedance presented to the most
significant baseband component IF1 but also higher baseband frequency
components. Hence, suppression of the electrical memory effects, i.e.
elimination of the frequency dependence of IMD components, requires
control of baseband impedance over a much larger bandwidth than

previously considered. The implication of this is significant, especially
when designing PA bias networks for applications utilising wide modu-
lation bandwidths such as WiMAX.
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band induced memory effects in high-power LDMOS
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Abstract— Memory effects are generally attributable to
thermal, electrical, packaging and/ or surface effects. This
behaviour in turn impacts overall linearity and importantly the
suitability of a Power Amplifier (PA) to linearisation through
pre-distortion. It is assumed that electrical memory introduced
by the low-frequency baseband impedance environments
associated with the power amplifier bias insertion networks
being frequency dependent represents a significant contributor
to overall observed memory effects in high-power LDMOS PA
design. In this work, baseband or IF active load-pull is used to
provide an effective way to engineer all the significant IF
components generated as a result of multi-tone excitation,
independent of modulation frequency. Specific IF impedance
environments are presented to a device with this approach in
order to probe the sensitivity to IF impedance variations.
These investigations are performed on a 12W LDMOS device
characterised at 2.1 GHz within a purpose built, high-power
measurement system, that allows the collection of both RF and
IF voltage and current waveforms along with all associated
impedances.

1. INTRODUCTION

One approach in developing understanding of memory
effects in microwave PAs is to analyze and control the most
likely contributing factors, frequency varying IF impedance.
Previous work[l] employed passive IF load-pull in order to
control the low-frequency impedances presented to the most
significant IF components generated by a device. This
approach however is restricted by a number of factors: firstly
the realisable reflection coefficients are limited by the
presence of significant losses associated with both the IF
test-set and the physically long delay-lines necessary to
realize the required necessary offset short terminations. As a
consequence, the minimum IF impedance realizable using
this system was approximately /0., which is some way from
a short circuit. This is especially true considering the
relatively low optimum output impedance of the high-power
LDMOS device employed. Secondly, only one IF frequency
component could be controlled at any one time. As a
consequence, while controlling of the most significant IF
frequency component, the other IF components are
terminated in arbitrary impedances, making results difficult
to interpret.

In this work, and for the first time at power levels
relevant to base-station PA design, active IF load-pull has
been used to offer fully independent control of the

impedance presented to all the significant IF components
generated by a 12W LDMOS device, overcoming all of the
problems associated with the previously described passive
approach. Using two-tone modulation, the IM3 inter-
modulation products are measured as a function of varying
excitation tone-spacing and IF impedance. By using active IF
load-pull to control IF drain impedance, it can be shown that
the measured IM3 terms are a strong function of the IF
impedance over bandwidths that are at leased four times that
of the modulation frequency.

1I. MEASUREMENT SYSTEM

This investigation has been made possible by the
development of a novel high-power modulated waveform
measurement system that allows the observation and control
of all relevant frequency components (RF, IF and DC) [2, 3].
The developed measurement system is capable of handling
IF and RF power levels in excess of 100W which makes it
particularly relevant to the characterization of devices used
in mobile communications system base-station applications.

RF RF RF RF
BiasT Couplers Couplers Bias T
T
Dreas piplexers
RF Source RF Load
pull pull

4-channel Microwave Sampling
Oscilloscope

ENI 240L IF

power amplifier
G=50dB
Power
IF Source IF Load combiner
nr nr AW AL “VAWCR
2n a1

Figure 1 Schematic of the high power measurement system
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The measurement system itself is shown in fig 1 and
consists of two main entities: the RF test-set (upper level)
and the IF test-set (upper level) and (lower level) which are
identical both in terms of component architecture and
principle of operation.

The architecture incorporates combined IF and RF
capabilities allowing the collection of all four traveling
waves at both IF and RF frequencies. Diplexing the coupled
RF and IF components of the signal prior to measurement is
a key feature, and ensures phase coherence between
measured IF and RF components. The system is fully
vector-error corrected, and can therefore account for any
errors introduced due to losses, mismatches and imperfect
directivities in the system, thus allowing for the
measurement of the complete modulated voltage and current
waveforms and impedances that exist at the DUT plane.
Whereas the RF test-set is made up of off-the-shelf
components, it was not possible to source an IF bias-tee
possessing the combined DC current, RF power and
bandwidth capabilities required. It was necessary therefore
to design and manufacture suitable bias networks in-house
to meet the required criteria and to allow the measurements
discussed in this paper. In addition, for a high power device,
such as the 12W LDMOS used in this measurement, the IF
components generated are large. This is especially true of
IF1 (twice the modulation frequency) and IF2 (four times
the modulation frequency), the most significant base-band
components. In order to actively load-pull these
components; an ENI 240L 20 KHz to 10 MHz, 40W linear
power amplifier was used to amplify the signal from the
arbitrary wave generators (AWG) as seen in fig 1. This
integrated measurement architecture provides the ability to
present, independently, specific impedances to the two
significant IF frequency components, allowing for instance a
constant IF impedance environment to be maintained across a
wide IF bandwidth during two-tone excitation.

III. MEASUREMENT RESULTS

Active harmonic load-pull is a relatively simple concept and
is effective in allowing the presentation of specific loads to
specific frequency components generated by a device [4].
Presenting constant RF loads actively across wide
modulation bandwidths is however extremely difficult in
comparison, and fraught with complexity. For the
measurements presented in this paper, input and output RF
system impedances were established at 10 Ohms using
broad-band 5:1 impedance transformers 5], while IF system
impedances remained at 50 Ohms. To achieve IF
impedances other than 50 Ohms active IF load-pull was
employed to independently engineer different, frequency
independent, impedance environments at the two significant
IF components; IF1 and IF2, defined in fig 2. Termination
of these frequency components into a short circuit would be
desirable, particularly for tone-spacing ranging between
1MHz and 10MHz. Fig 3 illustrates just how effective the IF
load-pull is in maintaining a frequency independent IF1
short circuit impedance. The observed variation is very

small and can be seen to be less than 0.07 magnitude and
1.5 degrees in phase over the entire IF bandwidth. It is
important to note that IF2 is not successfully load-pulled for
modulation frequencies greater then 7MHz due to
bandwidth limitations of the IF PA. This is highlighted in
fig 3, which shows the significant variation in IF2
impedance from the desired short circuit for frequencies
from 8 MHz to 10 MHz.

Amplitude
DC&IF : |  RF (fundamental) | Second harmonic
: Wi W2 : : :
IF1 .
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~ ~ [}
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Figure 2 simplified two-tone spectrum
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Figure 3 Measured IF1 vs. tone spacing at Zo=50Q2
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Figure 4 measured two-tone power sweeps for SMHz frequency separation for
both impedance states.

The measured RF two-tone spectral power performance for
the two cases of IF impedance, state 1, where 50Q is
presented to IF1 and IF2 and state 2, where a short circuit is
presented to IF1 and IF2 is shown in fig 4. A typical
behavior, 1:1 slope for the two tones and 1:3 for the IM3
inter-modulation components, is observed over a power
sweep of some 30 dB. In this case the tone-spacing is 5



MHz. The variation of measured IM3 response as a function
of IF impedance is clearly seen.

Fig 5 summarizes the IM3 behavior at these two different IF
impedance states for different values of tone spacing
ranging between 1 and 10 MHz, at a single drive level
(Pref), this power level corresponds to a point 1dB below
the 1dB compression point.

The behavior of the two output tones (w; and w,) is clearly
observed to be almost independent of both the tone spacing
frequency and IF termination. In the IF impedance state 1
the observed IMD; response, while higher than the reference
state 2, is found to be independent of tone-spacing. This
result indicates that if a frequency independent constant
base-band termination is utilized in the Power Amplifier
drain bias network no modulation frequency sensitivity in
IM3 response would be observed. However, in the case of
state 2, short circuit base-band terminations, modulation
frequency independence was only observed between 4 and 7
MHz.

It is important to note that IF2 is not load-pulled for
modulation frequencies greater then 7MHz due to
bandwidth limitations of the IF PA. This variation in IF2
impedance is considered to be the primary cause of the
observed variation in IMD; response above 7 MHz. This
conclusion is consistent with observations made in previous
work [1]. To confirm this interpretation the value of the IF2
impedance was varied while fixing the IF1 at a short circuit.
The variation of IMD; response versus IF2 impedance at
5MHz tone spacing is shown in fig 6. This result clearly
shows that variations in IF2 impedance, which is four times
the modulation frequency, modify the levels of IM3 inter-
modulation components. Thus to achieve modulation
frequency independent response the base-band impedance
must be engineered to be frequency independent over a
bandwidth that must be at least four times that of the
modulation frequency. The results also indicated that there
is an optimum IF2 impedance that minimizes the IM3 terms.
A similar response is obtained if the IF1 impedance is
varied while the IF2 impedance is held constant see fig 7.
The frequency variation observed below 4 MHz is not
related to variation in base-band impedance and thus must
be associated with other memory sources; i.e. thermal,
surface trapping, package parasitics.
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Figure 5 Measured fundamental and IMD power for two impedance states at
different two-tone frequency separations at a constant drive level.
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Figure 7 Measured IMD magnitude vs. phase of IF1 for SMHz frequency
separation with IF2 held a constant short.

IV. CONCLUSIONS

This paper presents detailed two-tone modulated

measurements using a combined RF-IF measurement
system. These measurements clearly demonstrate how non-
ideal, frequency dependent, low-frequency base-band
impedances will induce significant memory effects in high-
power LDMOS Power Amplifiers. The results show that the
bandwidth over which the base-band impedances must be
controlled must be extended to at least four times the
modulated bandwidth.
This important observation has large implications for
modern PA linearisation techniques, as well as requiring
careful consideration when designing PA bias networks. For
applications utilizing wide modulation bandwidths this will
become a serious design constraint.
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Abstract— The usual approach in minimizing electrical
memory in PA design is to terminate base-band impedances
into a broadband short circuit, usually provided in the form of
an array of bypass capacitors attached close to the output
terminal of the device. This paper investigates the validity of
this approach and compares linearity performance under
different IF impedance terminations. Active IF load-pull is
used as a modulation-frequency independent means of
engineering the significant low-frequency IF voltage
components generated as a result of two-tone excitation.
Selective IF loads are presented in order to probe device
linearity as a function of IF impedance. One significant
observation is the existence of specific IF loads that result in
the suppression of both IM3 and IMS5 intermodulation
components by more than 16dB and 10dB respectively, in
comparison to the case of a conventional IF short termination.
These investigations are performed using a 20W LDMOS
device characterised at 2.1 GHz within a purpose built, high-
power measurement system.

L INTRODUCTION

One approach in developing understanding of memory
effects in microwave PAs is to analyze and control the most
likely contributing factor: frequency-varying IF impedance.
Previous work [1] employed passive IF load-pull in order to
control the low-frequency impedances presented to the most
significant IF components generated by a device. This
approach however is restricted by a number of factors: firstly
the realizable reflection coefficients are limited by the
presence of significant losses associated with both the IF
test-set and the physically long delay-lines necessary in
realizing the required offset-short terminations. As a
consequence, the minimum IF impedance realizable using
this system at frequencies between 1MHz and 10MHz was
approximately IQ, which represents a rather poor short
circuit.  This is especially true when considering the
relatively low optimum output impedance of the high-power
LDMOS device employed. Secondly, only one IF frequency
component could be controlled at any one time. As a
consequence, while engineering the most significant IF
frequency component, the other IF components are
terminated into arbitrary impedances, making results difficult
to interpret. In this work, and for the first time at power
levels relevant to base-station PA design, active IF load-pull
has been used to offer fully independent control of the

RF Source

impedances presented to all the significant IF components
generated by a 20W LDMOS device, thus overcoming all of
the problems associated with the previously described
passive approach. Using simple two-tone modulation, the
IM3 and IMS distortion products are measured as a function
of tone-separation and IF impedance. By using active IF
load-pull to control IF output impedance, it can be shown
that the measured IM3 and IMS distortion terms are a strong
function of the IF impedance over bandwidths that are in
excess of four times the modulation frequency.

II. MEASUREMENT SYSTEM

At the heart of this investigation lies a novel, high-power
modulated waveform measurement system that allows the
observation and control of all relevant frequency components
(RF, IF and DC) [2] [3]. The developed measurement
system is capable of handling IF and RF power levels in
excess of 100W which makes it particularly relevant in the
characterization of devices used in mobile communications
system base-station applications.
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Fig. 1. Schematic ofthe high power measurement system.
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The measurement system itself is shown in fig 1 and
consists of two main entities: the RF test-set (upper level)
and the IF test-set (lower level) which are identical both in
terms of component architecture and principle of operation.
The architecture incorporates combined IF and RF
capabilities allowing the collection of all four traveling
waves at both IF and RF frequencies. Recombination of the
coupled RF and IF components of the signal prior to
measurement is a key feature, and ensures phase coherence
between measured IF and RF components. The system is
fully vector-error corrected, and can therefore account for
any errors introduced due to losses, mismatches and
imperfect directivities in the system. This allows for the
measurement of the complete modulated voltage and current
waveforms and impedances that exist at the DUT plane.

Whereas the RF test-set is made up of off-the-shelf
components, it was not possible to source an IF bias
insertion network that possessed the combined DC current,
RF power and bandwidth capabilities required. It was
necessary therefore to design and manufacture suitable bias
networks ‘in-house’ to meet the required criteria, and to
allow the measurements discussed in this paper. In addition,
for a high-power device such as the 20W LDMOS devices
used in this measurement, the IF components generated are
large. This is especially true of IFi (twice the modulation
frequency) and IF2 (four times the modulation frequency),
the most significant base-band components. In order to
actively load-pull these components; an ENI240L20 0.02-
10MHz, 40W linear instrumentation PA was used to
amplify the IF load-pull signal generated by the Arbitrary
Waveform Generator (AWG). This integrated measurement
architecture provides the ability to independently present
specific impedances to the most significant IF frequency
components, allowing for instance a constant IF impedance
environment to be maintained across a wide IF bandwidth during
two-tone excitation.

III. MEASUREMENT RESULTS

Active harmonic load-pull is effective in allowing the
presentation of specific loads to specific frequency
components generated by a device [4]. Presenting constant
RF loads actively across wide modulation bandwidths is
however extremely difficult in comparison, and fraught with
complexity. For the measurements presented in this paper,
input and output RF system impedances were established at
10 Ohms using broadband 5:1 impedance transformers [5],
while IF system impedances remained at 500. For the first
investigation, IFj was terminated into a short circuit while
IF2 was terminated into 500 and the tone-separation varied
between 1MHz and 10MHz. Fig 2 illustrates just how
effective IF load-pull is in presenting and maintaining a
frequency independent IFi short circuit impedance across
the entire modulation bandwidth. The observed variation in
load is very small and less than 0.03 magnitude and 1

degree in phase. It is important to note that IF2 cannot be
successfully load-pulled for tone-separations greater than
6MHz, due to bandwidth limitations of the IF PA. This is
highlighted in fig 2, which shows a significant ‘outwardly
spiraling’ variation in IF2 impedance from the desired 50Q,
observed for frequencies from 7 MHz to 10 MHz.

Fig. 2. Measured IF! and IF2vs. tone-separation at Z0=50fi.
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Fig. 3.  Measured two-tone power sweeps for 2MHz frequency
separation.

Fig 3. presents the measured two-tone RF spectral power

performance for the case where tone separation is 2MHz, a
short circuit is presented to IFi and 50 O presented to IF2.
This plot shows typical behavior: a 1:1 slope for the two
fundamental tones and a 1:3 slope for IM3 inter-modulation
components over a power sweep of some 30 dB.
Fig 4 summarizes the IM3 and IMS behavior for different
values of tone-separation ranging between 1and 10 MHz, at
a single drive level (Pref). This power level corresponds to
a point approximately 1dB below the ldB compression
point.

The behavior of the two output tones (co( and () is
clearly observed to be almost independent of the tone-
separation frequency The observed IMD3 and IMDS
responses are found to be modulation frequency
independent only between 4 and 7 MHz.
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Fig. 4. Measured fundamental and IMD power at different tone
separations at a constant drive level.

Firstly, it is important to note that the observed variation
in IM3 component magnitude observed below 3 MHz is
considered not to be related to variations in base-band
impedance, but more likely due to other sources of memory
such as thermal or surface effects. It is also important to
remember that the IF2 impedance cannot be accurately
controlled for modulation frequencies greater then 7MHz
due to bandwidth limitations of the IF PA. The variation in
IF2 impedance is considered to be the primary cause of the
observed variation in IMD3 and IMDS5 responses above 7
MHz, and this conclusion is consistent with observations
made in previous work [1,6].

To further confirm and investigate this interpretation, the
magnitude of IF2 reflection coefficient was maintained at
unity and its phase varied while fixing the IFi impedance at
a short circuit. Some indication of the variation of IMD3
and IMDS response as a function of IF2 load is shown in fig
5. In this case, a tone separation of 2MHz was used, and the
results clearly show that variations in IF2 impedance
significantly modify the levels of both IM3 and IMS inter-
modulation components. Thus, to achieve a modulation
frequency independent response, the base-band impedance
must be controlled over a bandwidth of at least four times
the modulation frequency.

IV. LocatioNoropTiMmumM IFIMPEDANCE TERMINATION

Initial measurement results clearly indicated that that
there is an optimum IF2 impedance that is effective in
minimizing IMD3 and IMDS5 distortion terms, and suggests
that there is a need to optimize the baseband impedance
environment, rather than to just present short circuits [2] as
is usually the case. In an attempt to further investigate this,
the next investigation involved a similar approach where
this time the IF2 impedance was fixed at a static 50£2, whilst
the IF] impedance was varied, around the perimeter of the
Smith chart. The results of this measurement are shown in
fig 6. where it is clear that an optimum IF) impedance
resided in a region between 225° and 270°. Further
‘probing’ measurements suggested that the optimum load
was not actually located at the edge of the Smith chart

however, it was found to be in a region identified as ‘Zone-
1’ in fig. 7.
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Fig. 5. Measured IMD magnitude vs. phase of IF2 for 2MHz
frequency separation with IF) held a constant short.
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Fig. 6. Measured IMD magnitude vs. phase of IF) for 2MHz
frequency separation with IF2held a constant at 50Q.
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Fig. 7. Phase sweep of IF) while IF2 kept constant at 90° degree.

The investigations in Zone-1 were done whilst keeping
the IF2 load fixed at the earlier identified optimum, see fig.
5, of rL[2=1Z90°» also shown in fig 7. A reduction of
approximately 13 dB in IMD3 was observed within this
region, albeit at the expense of significant increase in IMDS5S
of approximately 12 dB. This is in comparison to the
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previous case where the IF, load was maintained at

I, =1£270° and IF; to [, =1£90° It should be noted
that with regard to Figure 5 the variation in Phase of IF,
(load) has a small impact on IM; but has an extremely
strong influence on IMs. The optimum IF, load
(T't,,=12£90") has resulted in minimum IMs, however, The
IM; degradation is only around 3 dBm at IF, of 225 degrees.
But from IM; point of view, the optimum IF, phase would
be approximately between 225 and 270 degrees where IM;
value has improved by almost 20 dBm. Therefore, it would
be logical to move IF, phase toward 225°. Further analysis
showed that by moving and then maintaining IF, load
constant within an experimentally determined different zone
of the Smith chart (Zone-2) and keeping IF, phase close
enough to that Zone (=225°), IMD; and IMDjs distortion
products could be simultaneously reduced by more than 10
dB. Again, this is in comparison to the previous case where
the IF; load was maintained at I,,=1 ~2270° and IF, to
I,,=1490°

To confirm that Zone-2 was indeed the optimum
termination for IF,, for the high power 20W LDMOS used,
regardless of the modulation frequency and the power level,
it was decided to perform an extra measurement in which
the input power was swept for two different tone
separations, of 1 and 2 MHz.

The measured spectral power performance for the case
where the IF, load resides within Zone-2 and IF, load is
brought close to Zone-2 as well is shown in fig 8. Once
again, a typical behaviour of 1:1 slope for the two tones and
1:3 for the IM; inter-modulation components is observed
over a power sweep of some 10 dB. The behaviour of the
two fundamental output tones (w; and ) and IMD; is
clearly almost independent of the tone-separation frequency
at input power equal or grater than the compression point.
With regards to the magnitude of inter-modulation products
IMD;s;. and IMDsy, they are found to be very close to the
lower dynamic range of the measurement system, resulting
in noisy measurements at low drive levels.
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Fig. 8. Measured two-tone power sweeps for 1 and 2MHz

frequency separation inside zone 2.

Conclusively, terminating the IF, and IF, component into
Zone-2 impedance provided the best overall linearity, where
both IMD; and IMDs were found to improve by

approximately more than 16 dB and 10 dB respectively in
comparison to the case of a conventional IF short
termination. It is worth noting that when comparing IMD
for terminations of IF, ,-Zone-2 and IF,-short-circuit with
IF, 50Q (see Fig. 4), at equal input drive level of 18dBm
(see Pref in Fig. 3), an improvement of more than 20dB is
achieved for IMD;; and IMDsy, and more than 16 dB in
case of IMDs; and IMDsy.

V. CONCLUSIONS

This paper presents detailed two-tone modulated
measurements using a combined RF-IF measurement
system. These measurements clearly demonstrate how non-
ideal, frequency dependent, low-frequency base-band
impedances will induce significant memory effects in high-
power LDMOS Power Amplifiers. The results show that
the bandwidth over which the base-band impedances need
to be controlled must be extended to at least four times the
modulated bandwidth. The results also highlight optimum
IF impedance terminations that minimize overall in-band
distortion.  This important observation has significant
implications for modern PA linearisation techniques, as well
as requiring careful consideration when designing PA bias
networks. For applications utilizing wide modulation
bandwidths this will become a serious design constraint.
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