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ABSTRACT

ANALYTICAL MODEL AND DESIGN OF LOAD
MODULATED BALANCED AMPLIFIER

Yunus Erdem Aras
M.S. in Electrical and Electronics Engineering
Advisor: Abdullah Atalar
February 2020

RF power amplifiers (PA) with high efficiency and linearity are in high demand
for modern communication systems. Modulated signals having a high peak-
to-average power ratio (PAPR) require PA’s to maintain these features in the
output-back-off (OBO) region. Since higher linearity always brings the trade-off
in the form of lower efficiency, a PA having both high efficiency and linearity is
challenging requirement for RF designers.

Load modulation is one of the promising techniques offering good efficiency-
linearity trade-off under OBO conditions for conventional PAs. This work
presents an analytical model for the load modulated balanced amplifier (LMBA)
using the recently introduced analytical non-linear model of a RF power transis-
tor. We show that it is possible to predict the efficiency and nonlinearity of the
LMBA reasonably well using this simple transistor model having only a small
number of parameters. To test the performance of the analytical model, we de-
signed an LMBA using three identical discrete RF transistors and 3-dB hybrid
couplers. The model parameters of the 5-W GaAs PHEMT are determined from
the I-V characteristics and load-pull measurements. LMBA works at 1.7 GHz
with a peak output power of 37.5 dBm and with a peak efficiency of 53%. The
efficiency is measured to be 47% at 6 dB output-back-off.

Keywords: Load modulation, harmonic model, balanced amplifier, high-efficient
power amplifier, back-off efficiency.
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OZET

YUK MODULASYONLU DENGELI |
YUKSELTECLERIN ANALITIK MODELI VE
TASARIMI

Yunus Erdem Aras
Elektrik-Elektronik Miithendisligi, Yiiksek Lisans
Tez Danigmani: Abdullah Atalar
Subat 2020

Yiiksek verimli ve dogrusallikli RF gili¢ yiikseltecleri modern haberlesme sistem-
leri i¢in onemli bir ihtiyag¢ haline gelmistir. Maksimum gii¢ - ortalama gii¢ oram
yiikksek olan modiile sinyaller gii¢ yiikselte¢inin bu oOzelliklerini ¢ikig-gerisi de-
nilen genis bir aralikta korumasini gerekli kilmistir. Ancak, yiiksek dogrusalligin
diistig verimlilik getirmesi, hem yiiksek verimlilikli hem de yiiksek dogrusalikli giic
yiikseltecini RF tasarimcilar i¢in oldukca zorlayici bir siire¢ haline getirmistir.

Yiik modiilasyonu diigiik gii¢ bolgelerinde iyi verimlilik-dogrusallik odiinlegmesi
sunan bagarili tekniklerden biridir. Bu ¢aligmada yakin bir zamanda sunulmus
RF gli¢ transistorlerinin dogrusal-olmayan basit bir modeli kullamilarak yiik
modiilasyonlu dengeli yiikseltecler icin analitik bir model sunulmustur. Az sayida
degiskene sahip olan bu transistor modeliyle yiik modiilasyonlu gii¢ yekselte¢inin
verimliligini ve dogrusalligini tahmin edebilecegimizi gosterdik. Analitik mod-
elin performansini test etmek icin ayrik transistorler ve 3-dB baglaclar kul-
lanarak yik modilasyonlu giic yekselteci tasarladik. 5-W GaAs PHEMT’in
model degiskenlerine I-V egrileri ve load-pull 6l¢iimleriyle karar verdik. 1.7 GHz
bandinda maksimum 37.5 dBm cikig gliciinde maksimum %53 verimlilige sahip
olan bir yiik modiilasyonlu gii¢ yekselteci elde ettik. 6 dB ¢ikig gilicti gerisinde

verimlilik %47 olarak olciildii.

Anahtar sézcikler: Yiik modilasyonu, harmonik model, dengeli ytikselteg,

yiksek-verimli gii¢ ytlikselteci, diigiik gli¢ verimi.
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Chapter 1

Introduction

1.1 Motivation

RF power amplifiers (PA) with high efficiency are in high demand for modern
communication systems. To conserve the limited battery power, the PA on the
mobile phone or the satellite has to operate as efficiently as possible. Even if the
available power source is not limited on the system, the efficiency specifications
still burden the designers due to the cooling issues. Conventional way to obtain
an efficient PA is as simple as biasing the active device to a low quiescent current
in order to reduce the conduction angle, but commonly not sufficient for the

necessary efficiency enhancement in the modern wireless systems [1].

Developing the complex modulation techniques to achieve higher data rates
imposes the further challenging requirements on the RF PA designers since the
system efficiency has a strict trade-off between linearity and output power. The
designer has to satisfy the system requirements while managing these trade-offs
according to the application and the system specifications such as modulated

input signal characteristics.

Efficiency-Linearity Trade-Off: In the communication link, the linearity
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Figure 1.1: Efficiency (left) and the normalized gain (right) versus the normalized
output power for the same transistor as biased in different.

of the PAs have a crucial effect to properly radiate the generated data at the
transmitter and reconstruct it correctly at the receiver. Therefore, certain lin-
earization techniques including feedforward, cross cancellation and analog/digital
predistortion have been utilized for satellite and cellular base station applica-
tions [2,3]. However these techniques mostly result in system complexity and

overall efficiency degradation.

Driving the PA with a low input signal also improves the linearity, but this
results in a sharp efficiency drop. Fig. 1.1 illustrates the relation between the
efficiency and the normalized gain for the same active device with different bias
conditions.! It is clear to observe the efficiency improves as the quiescent current
lowers. However regardless of the bias point, as the input drive power is backed
off from Pg,; value, the efficiency degrades significantly while the linearity of PA
gets better. In order words, the PA tends to operate in high efficiency when it is

pushed the saturation where the non-linearity becomes dominant.

Efficiency-Output Power Trade-Off: The conventional PAs are designed
so that they achieve maximum efficiency at a single output power level mostly

close to the saturation. However modern communication systems demanding high

I'Note that results are obtained using the simple model to be described in the following
chapters.



Table 1.1: Features of digital mobile communication standards.

G Standard Interface and FrMax. Bandwidth Max. PAPR
en andar Modulation (eg‘;fzn)cy (MHz) (dB)

TDMA/FDMA, GMSK,

2G GSM/EDGE SPSK 1.9 0.2 3.3
W-CDMA,
3G UMTS QPSK /640AM 3 5 10.6
OFDMA, MIMO 4x4,
4G LTE G4QAM 5.9 20 12
] OFDMA/SC-FDMA, :
4G LTE-Advanced MIMO 8x8, CA, 64AQM 5.9 20 (100 with CA) 12
o OFDMA, MIMO 2x2, 4
4G WIMAX QPSK /64QAM 5.8 20 12
OFDMA, HetNet,
5G 5G massive MIMO, 40 >100 (800-2000) >12

advanced CA, CoMP, ...

data rate transmission results in the modulated signal exhibiting a very large
peak-to-average power ratio (PAPR) [4]. Some features of mobile communication
standards are summarized in Table 1.1 [5]. Even though certain PAPR reduction
schemes including amplitude clipping and filtering, coding and partial transmit
sequence have been developed in last several decades [6], a reliable solution to
deal with the high PAPR lies on the PA design.

Fig. 1.2 displays the average PAPR of different modulation schemes and the
efficiency of a conventional class-AB biased PA over output-back-off (OBO) re-
gion. Since the PA has to handle with the peaks of the modulated signal without
clipping, the signal with high PAPR tends to stand in the high OBO region where
the PA efficiency is quite low. Therefore, back-off efficiency dominates the overall

system efficiency in the modern wireless systems.

In this study, we focused the design of an amplifier presenting both good lin-
earity, reasonable high output power and enhanced OBO efficiency under the
complex modulated input signals. An analytical model was developed for ex-
pressing the characteristics of a transistor and PA with complex architecture.
The prototype was designed and fabricated for the verification of the proposed

model.
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Figure 1.2: PAPR of different modulation techniques. Efficiency versus output
power of the class-AB biased PA.

1.2 Efficiency Enhancement Techniques

In conventional PA modes, a high efficiency is obtained by lowering the DC bias
point with a resultant sacrifice in gain. Several efficiency enhancement techniques
have been studied to obtain useful RF front-ends since the early era of radio
communication [1]. Overdriven PAs such as Class-F [7-9] and inverse Class-
F [8,9], switching mode amplifiers including Class-D [10] and Class-E [11] are
considered as techniques with fixed supply voltage and output load, where high

efficiency is achieved with a high non-linearity.

Beside those, there exist techniques with more complex topology where the
load impedance or the supply voltage or both are adjusted according to input
signal power, called load and supply modulation, in order to achive both linearity
and OBO efficiency, as displayed in Fig. 1.3. The Envelope Elimination and
Restoration (EER) [12] and the Envelope Tracking (ET') [13,14] are the techniques
using supply modulation. Two classical techniques fall into the family of load
modulation; the Doherty Amplifier [15-17] and the Outphasing Amplifier [18-20].
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Figure 1.3: Dynamic load-lines for load and supply modulation.

A load-modulated-balanced-amplifier (LMBA) was recently introduced by Cripps
as a new type of load modulation technique [21], which was also chosen as the

design architecture in this thesis.

1.3 Thesis Outline

In Chapter 2, the theory of LMBA is briefly explained and the other studies done

up to now are summarized. A variation of this topology is demonstrated.

Chapter 3 explains the details of the analytical model. First, a single transistor
behaviour is expressed using simple polynomials by approximation of the drain
current. Using linear equations of the passive components, the model is expanded

to express more complex topologies like LMBA.

Chapter 4 presents the design steps of the LMBA and the measurement setups
used for transistor characterization. After DC and RF characterization of a pack-
aged transistor, each component required for LMBA is designed. The techniques

used in design steps of single amplifier are given.



In Chapter 5, the fabricated components and the designed LMBA are pre-
sented. Measurements for the verification of the model simulation are demon-
strated with the required measurement setups. The measured and simulated

results are compared for each component and the designed LMBA.

Chapter 6 presents the conclusion of the thesis with the summary of the work

done and the future directions.



Chapter 2

Load Modulated Balanced
Amplifier

In this chapter, recently proposed theory of LMBA will be summarized. Load
modulation mechanism and the way how LMBA improves OBO efficiency will
be analytically explained. Finally, available examples in the literature will be

presented.

2.1 Load Modulation

The load-modulated-balanced-amplifier (LMBA) was introduced using a classi-
cal balanced amplifier (BA) [22] with an additional control amplifier (CPA) to
modulate the load impedance seen from balanced pairs as input power varies [21].
Fig. 2.1 displays the first proposed LMBA architecture.

As demonstrated in [21], the operation on the output coupler can be explained
by using 4-port Z-parameters of 3 dB coupler and the port currents in each
branch. As shown in Fig. 2.2, the balanced pairs are represented by the equal
amplitude quadrature signals (b/p and —jblp) while the output of the CPA can
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Coupler Coupler
Figure 2.1: Simplified block diagram of LMBA.
be represented by cIp where b and ¢ are the current drive levels and Ip is the

maximum drain current of balanced amplifiers. Since the fourth port is already

terminated with Zj, the output current can be written as Vy = —Zy14.

—>—@—_L

Clp =

iz, 2V,
bl,

v, £2 V
—L —N
P12 —ww—_lzo 1

= -jblp

Figure 2.2: Port impedances and currents on the output coupler of the LMBA.

i 0 i —iv2 0 | |L
V ‘ 0 0 —jiv2| |I
2| _ 7y J Jv2 2 (2.1)
Va3 —jv2 0 0 J I3
Vi 0 —jvV2 0 I

Using the equation (2.1) and the current relations above, the impedances seen by

8



balanced pairs can be found as

2
e (122)

2
—

When c is considered as complex number, Eq. 2.2 reveals important property
of LMBA, which is the impedances seen by the balanced pairs are modulated
by amplitude and phase of the control signal and balanced pairs are terminated
at the impedance with the same amplitude and phase. As seen in Fig. 2.3, a
significant portion of the Smith Chart can be obtained by this technique.

+1.0

a=-3dB |-~ N\ —-,_,_;.“ \\

T ‘\\

: ‘ _
T _,-’ a=-6dB _K"" I"'a — ‘>/\+]50
-{ = = [ / < 7\
+ 1- \ \
- \

3 (AN ) h

wn
o

Figure 2.3: Simulation of load modulation for different ratios and phases, where
« is the current ratio ¢/b.

When the output current I, is expressed in terms of I;, I and I3, it is seen
that CPA power always appears at the output. Hence, the total output power

can be written as

Pout:P1+P2+P3:2PBal+PCont
L 2 (2.3)
= 513 Z|c+ V20|

9



whre Zj is a real number.

2.2 Back-Off Efficiency Enhancement

To achieve a high efficiency in the back-off region, the BPAs are biased in Class-
B whereas the CPA starts to operate after the certain drive level, 5. Thus this
behaviour can be achieved by biasing it in Class-C where CPA is OF F when
0<b< B anditis ON when g <b< 1.

It is assumed that the BPA is achieved maximum non-clipped drain voltage
swing, namely maximum efficiency at b = 3, Vyy = 8ZyIp. This also results that
the BPA should be terminated with Z, = Z,,:/5 where Z,, is the optimal load

for maximum output power of the BPA.

As the input drive keeps increasing, the drain voltage should stay constant
to maintain high efficiency. The continuous drain voltage results the following

identity

BZyIp = Z, (1 + %) blp = (b+V2¢) Zolp (2.4)

which reveals the CPA drive level condition as

(2.5)

Combining Eqgs. 2.3 and 2.5 results in the output power for two drive regions

B 2,02, 0<b<
Pout: or N _6 (26)
YB+vrzn, p<b<l

When the ideal conditions in class-B biased amplifiers are considered, the to-

tal power consumption of LMBA can be written as a summation of the power

10



@
o
@
o

a1 (2] ~

o o o
T T T

a 2] ~

o (=] o
T T T

Efficieny (%)
S
o
Efficieny (%)
5

30 [ 30
20 IBO=3dB | | 20 “:‘,x IBO=3 dB
----- IBO=6 dB =====|BO=6 dB
i0r | IBO=9 dB 10| IBO=9 dB
= = =|BO=12dB = = =|BO=12dB
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
-18 -15 -12 -9 -6 -3 0 -18 -15 -12 -9 -6 -3 0
Normalized Input Power (dB) Normalized Output Power (dB)

Figure 2.4: Drain efficiency versus normalized input power (left) and normalized
output power (right) for different input back-off levels, 3’s.

consumption of each devices, Ppc = 2Ppai, + Poontpes

2
4Zolpfb 0<b<}p
oo =\ 47,1280 | ZoI3)5 — blj3 - 1] 21)

CP— 4 S0Pl — , B<b<

Using Eqns. 2.6 and 2.7, one can calculate the drain efficiency. For different
values, the drain efficiency is plotted in Fig. 2.4 where inherent non-linearity of

LMBA is observed.

2.3 Literature Review

The first LMBA was demonstrated in 2016 as a load modulation and OBO effi-
ciency enhancement technique with a proof-of-concept prototype, which verifies
the efficiency improvement by adjusting the power and the phase of the control
signal [21]. Then the detailed theory of operation were demonstrated with the
design steps where they achieved wide bandwidth, high OBO efficiency and lin-
earity by a proper control signal [23,24]. The first MMIC application was also
reported as a reconfigurable high-efficiency X-band PA [25].

11



As a variation, a single/RF-input LMBA was proposed, where the separate
supply for the control signal is eliminated [26,27]. In this architecture, modulated
input signal is properly divided and delayed so that the control signal is directly
synthesized from the input signal. The detailed design theory of RF-input LMBA
including the transistor sizing and the control signal characteristics was explained
in [28].

Finally, the architecture consisting of both supply and load modulation was
demonstrated [29]. Using RF-input LMBA architecture, they achieved further
OBO efficiency enhancement by properly modulating the supply voltage of the
balanced pair in the LMBA, called supply- and load- modulated balanced ampli-
fier.

12



Chapter 3

Analytical Model

In this section, analytical model will be developed starting from a single tran-
sistor to the complex balanced topology. Basically, the analysis depends on the
simplistic approximation of drain current by means of polynomials. [-V char-
acteristics of PA, output power and efficiency will be predicted by using this

analytical model.

3.1 Stand-Alone Amplifier

Fig. 3.1 displays the schematic of the power amplifier excited with a sinusoidal
voltage, where input matching is ignored. C, and L, represent the parasitics
of the transistor and M N can be considered as an impedance transformation

network where all other harmonics are shorted.

Following the method of [30], we define the knee profile with the function k(.)
and the baseline current waveform with the function A(.). Then, the idealized

drain current can be expressed as multiplication of two polynomial functions
where vy, is the normalized drain-to-source voltage and since A(.) represents the
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Figure 3.1: Schematic of the stand-alone amplifier showing the parasitics of the
transistor.

baseline current, it is a periodic function of angle of 8 as the applied input signal.

Assuming all harmonics are shorted, vy4s can be written as
vgs = 1 — (V cos( + 7)) (3.2)

where V is the normalized peak drain voltage given by V = V/Vpp and 7 is
the phase shift between the input and output voltages. Then, the knee profile

function k(.) can be expressed as,

k(vds) =1- (1 — UdS)N

3.3
=1—(Vcos(d+)N (33)

where N is an even number showing the degree of the knee profile approximation.
Fig. 3.2 displays the knee profile defined in Eq. 3.3 for different N values. As it
is seen in the plot, while smaller values of N=4 to 8 can be considered as good
approximation of a typical GaN devices, larger N values, represent GaAs devices.
As N gets very large, the knee profile function approaches to that of the ideal

transistor.

With a transistor bias current of Ipg and a peak AC current of Ip, the baseline

function, A(f), can be written as,

Ing + Ipcos(9) if Ing > —Ipcos(d
A0 =4 " peost®) 1 ivg peos(f) (3.4)

0 otherwise
When a non-zero baseline function is applied, the intrinsic drain current can be

14
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Figure 3.2: Knee profile k(.) versus normalized drain-to-source voltage vy, for
different IV values.

written as

in(6) = k(va) A(6)

_ (3.5)
— 1~ (V cos(8 + 7))V + Ip cos(6)

Samples of the normalized drain current in two different cases are given in Fig. 3.3.
The baseline current is chosen so that transistor is biased in class-B mode, thus
1 DQ = 0.

Both periodic functions given in Eqns. 3.3 and 3.4 can be expanded as series,

N/2
k(vgs) = ko + Z[kng cos(2n0) + ko g cos(2nb)]
"2 (3.6)
A0) = Ap + Z A,, cos(nb)
n=1

Multiplying the two series with each other to find the DC and the fundamental
components, DC current Ipc and the phasor at the fundamental frequency, I, of
drain current ip can be obtained. The exact expressions of k;’s, A;’s and I are
given in Appendix A. Thus both Ipc and I can be written as nonlinear functions

of four variables as
Inc = fi(Ipg, Ip,N,V) (3.7)
15



1 ‘ 1
B
J \

0.8} If - ’\‘ 0.8}
£ A A £
o Py g
RV
2061 I~ ‘. Al 20671
£ £
=) o
el el
N N
= 04r = 0.4
E £
o o
z z

0.2 0.2

0 0 :
-180 -90 0 90 180 -180 -90 0 90 180
0 (degrees) 0 (degrees)

Figure 3.3: Normalized drain current for different NV values. Transistor is biased
in class-B, Ip =1 and Ipg =0. V =0.9 and v = 0 (left), v = 7/8 (right).

I=fy(Ipg,Ip,N,V) (3.8)

where V is the normalized voltage phasor. If the load impedance at the funda-

mental frequency is Zp, we also have

— Zi I Z Ipo,Ip, N,V
V — _ L _ Lf2( DQ, 1P, ) ) (39)
VDD VDD

With the given Ipg, Ip and N, one can solve the nonlinear equation for V'

numerically. Once V is found, the output power and the efficiency can be easily

found as
Vi .
P = —%Re{vrﬁ}
P (3.10)
= VbpIpc

As Z; is swept on the Smith chart, the output power and efficiency can be found
for each Z; value to obtain load-pull contours. Varying Ip for a fixed Zj, the
gain compression, linearity and back-off efficiency can be determined. Different

bias conditions can be also analyzed by changing Ipq.

The main algorithm of the program developed in MATLAB is given in Ap-

pendix B. As an example, load-pull contours and the saturation characteristics of

16




a transistor biased in class-B are shown in Fig. 3.4. First, the efficiency and the
output power are recorded for varying the load impedance Z;. Using MATLAB’s
contour command, the efficiency and the output power contours are obtained
for corresponding load impedance and plotted. The maximum output power
and maximum efficiency are achieved at different load values. Then, the load
impedance is set the value first at maximum efficiency and then the maximum
power, Z; = 31.4 Q and Z; = 18.6 (), respectively. The efficiency, the output
power and the gain compression are recorded for varying the input drive level,
Ip. Since low N value is chosen in model, early-slow compression behaviour is

observed as it is the case with GaN devices.

70 —e=
~
60 !
7
Eff, ZL =314 0Q
{
50 |- — —Ef,Z =1860Q S
—©— Gain Comp., Z =314 Q \
— ' \
3\c: w0l = © = Gain Comp., ZL =18.6 Q o
>
(&)
j
0
& 30
im|
20 [
10
1.0 0 ‘ ‘ ‘ ‘ ]
P max=33-96 dBm at Z, =18.62 Ninax=07-02% at Z, =31.4Q 10 15 20 25 30 35

Output Power (dBm)

Figure 3.4: Single transistor behaviour with model parameters N = 6, Vpp = 12
and Ipg = 0. Load-pull contours when Ip = 1.2 and varying Z;, (left), Efficiency
and gain compression versus output power when Z; = 31.4 Q and Z; = 18.6
for sweeping Ip from 1.2 to —25 dB back-off (right).

The transistor parasitics affects only the impedance seen from intrinsic drain
node of the transistor. Therefore, they are easily considered by rotating the
contours on the Smith chart by taking the normalized impedance or admittance
of L, and C,,.
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3.2 Load Modulated Balanced Amplifier

Fig. 3.5 depicts the block-diagram of LMBA [28] consisting of a balanced am-
plifier and a control amplifier in single RF-input configuration. The balanced
amplifier is built using two identical amplifiers and two hybrid couplers. An un-
equal Wilkinson power divider provides part of the input signal to the control
amplifier whose output feeds the normally terminated port of the output hybrid
divider. The output load impedance of Class-AB balanced pairs are chosen to op-
erate efficiently at a back-off level, while the output matching of Class-C control

amplifier is designed to achieve a good efficiency at the saturation level.

A _‘lﬁr L |spA

Figure 3.5: Block diagram of single RF-input LMBA.

The parasitic capacitance and inductance, C,, Ly, of the RF transistors become
a part of the m-type output matching network, when combined with external

inductance and capacitance, L,, and C,,.

Figure 3.6: m-type matching network between the intrinsic drain of the transistor
and the load.

18



Y-parameters of overall 7-type output matching networks of balanced ampli-

fiers and control amplifier are written as

_ ' ) _
Y, — ]<mepa+Xp +By) S Xy 7% 1
bpa — 1 _
L ] mepa+Xp J(mepa""Xp + mepa)_ ZO (3 11)
- ' 1 - '
Y, = j(XmCIUa +Xp T B ) J chpa +Xp i
cpa — 1 ) o
| IK % (s T Brena) | Zy

where X, X,,, and X,, _ are the normalized impedance of series inductors
Do bpa cpa Y

wlL

% and By, By, , and B

wCZy. As displayed in Fig. 3.7, the linear part of the circuit consisting of hybrid-

mepa are the normalized admittance of shunt capacitors,

coupler terminated with three matching networks at three ports can be modeled

as a 4-port network with a 4x4 [V, ] matrix.

Figure 3.7: The model of output side of LMBA at fundamental frequency.

When its fourth port is terminated with load impedance Z;, the linear circuit

can be expressed as a new 3-port network with a 3x3 [Y;].

Yiu Yo Yi3
Y = Yor Yoo Yo (3-12)
Y31 Yap Y3
Yni’ Yn ’-ZL
where }/l,] = Yni,j — W
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We assume that the balanced amplifiers have equal bias currents of Ipg and
are excited with equal amplitude quadrature signals (Ip and —jIp). CPA has a
bias current of Ipg. (a negative value for a Class-C amplifier) and excited with
alpe ™% where o is a multiplier factor and ¢ is the phase of control path. The DC
currents of balanced amplifiers, Ipcy and Ipee, and CPA (Ipe.) can be expressed

as nonlinear functions:

[DCI = fl(IDQvIP7N7V1)
IDCQ :fl(IDQa_jIP7N772) (313)
Ince = filpge, ae/*Ip, N, V)

Note that with a 7 different than the nominal impedance of the hybrid-coupler,

the balance of the balanced pair is destroyed resulting in unequal DC currents.

In a similar manner, we can write the current phasors of the fundamental

components as
Il - f2<IDQ7 IP? N7 Vl)
I2 :fQ(IDQa_jIP7N7V2) (314)
Ic == fQ(IDQ07 Ofe_j¢Ip, N7 VC)

where V1, V4 and V., are normalized drain voltage phasors of balanced pair

and CPA, respectively.

From the linear part of the circuit, the drain current phasors can be written

in terms of voltage phasors as

I, Yii Yo Yig| |V
L| =~ |Ya Y Y| |V (3.15)
Ic )/31 YE’)2 YE&S Vc

With the given parameters, Eqns. 3.14 and 3.15 can be solved simultaneously?
to find the drain voltage phasors, V1, Vo and V.. Once the drain voltages are
found, the load current phasor, I, and normalized load voltage phasor, V ous,

can be found in a straightforward manner using the linear part of the circuit.

"'We use fsolve function of MATLAB for simultaneous solution of three nonlinear equations.

20



ViYng +VaYnuo+ VaYng
1+ Y?’L474ZL

Iout =

(3.16)

Finally, the total output power, P,,, and the overall efficiency, n, can be

expressed as

V X7 *
Pout — %Re{vout(Iout )}
o Pout
Voo(Ipc1 + Ipce + Ipce)

(3.17)

Ui
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Chapter 4

Design of LMIBA

A prototype LMBA is designed and manufactured based on 5-W GaAs PHEMT
packaged transistor, MRFG35005, and off-the-shelf couplers ! targeting 1.7 GHz
center frequency and 6 dB OBO efficiency to verify the model.

Shifer OutMatch|:
; L] CPA |
! ! \q)J :|Matching l; 5
! | T

! ! : Input _{ ____[OutMatch| : ----- 1

L= — N — - BPA F !

I/P_P_oweri D Matching 1 T !

Divider i Balanced Pair . !

' o A

Lo\ )1 Input _{_Oléty:mh_?l——?——ﬁ Pour
P ----- " |Matching . oP

p
Coupler ettt ettt it it it N

Figure 4.1: Basic block diagram of LMBA.

Fig. 4.1 depicts the required components for the design of LMBA. In this
section, the measurement setups to characterize the transistor will be explained.
The prototype design with the balanced pair, control amplifier and the voltage-

controlled phase shifter will be discussed in detail.

LAVO03L from Sirenza Microdevices
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4.1 Transistor Characterization

As an initial phase of the design, 5-W GaAs PHEMT packaged transistor,
MRFG35005, is characterized by several measurements to obtain the model and

the design parameters.

4.1.1 DC Pulsed I-V Measurements

Fig. 4.2 depicts the DC pulsed I-V measurement setup to obtain the knee profile
of the transistor by varying the drain-to-source voltage while observing the drain
current. This can be applied for different gate-to-source voltages to acquire I-
V curves in different levels. The device under test (DUT) is adjusted so that a
controlled gate pulsed signal is applied while the drain current is observed through

reference resistor, R,.;.

Keysight DSO5052A
Oscilloscope
ext
trigChl Ch2
L1
Drain g
Gate Bias ’ N g%ygght E?éSlS,IA
o1 M i ower Su
Tektronix AFG3101 [ Bias — pply

Arbitrary Fun Gen

50Q

Figure 4.2: DC Pulsed I-V Measurement Setup.

We applied the gate pulse with 1% duty cycle with varying peak voltages from
—1.2V to OV and 0.1V step size where the gate threshold voltage, Vy, = —1.2V.
A low duty-cycle is preferred to avoid an excessive temperature increase on the
transistor. The measurement is repeated for different Vpg voltages from 0V to

15V. Fig. 4.3 depicts the [-V curves measured and generated in the model.
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N = 28 is well-matched with the measurements to express the knee profile of the
GaAs PHEMT.

los(¥

Figure 4.3: Pulsed -V measurements of GaAs PHEMT MRFG35005(blue-
dashed), I-V curves in model when N = 28(black-line).

4.1.2 Load-Pull Measurements

Load-pull measurement is quite crucial for PA design to analyze the device be-
haviour with a varying load impedance. The main purpose of the load-pull setup
is to record the output power and the dissipated DC power on the transistor for
different load impedances to obtain the output power and the efficiency contours.
Fig. 4.4 depicts the setup consisting of a network analyzer (NA), an oscilloscope,

two manual tuners ? and a current probe to acquire load-pull contours.

First, tuner positions are calibrated before the measurements so that tuner
position of each impedance on Smith chart is determined. Then, the input tuner
is fixed so that the maximum power is delivered to DUT, assuming that the input
impedance is nearly independent of the load impedance. For each predetermined
output tuner position, the input RF power is swept in the targeted design fre-

quency while the output power and the drain current are recorded. When the

2MST982BN from Maury Microwave.
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Keysight N5230C
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Portl sync Port2
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ext trig
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Manuel Tuner

Figure 4.4: Manual Load-Pull Measurement Setup.

whole scan is finished, the recorded data is post-processed in MATLAB to obtain

the output power and the efficiency curves.

The output loads are chosen so that the balanced pairs achieve the maximum
efficiency at the output power of almost 30 dBm whereas the peak efficiency is

obtained at approximately 36 dBm output power for the control amplifier.

Using those measurements, the parasitics, L, and C), in the model are found
by using an optimization tool. The optimum load at maximum output power and
the optimum load for maximum efficiency at approximately 6 dB OBO as well
as load-pull contours obtained from the model are shown in Fig. 4.5. We note
that the solution of simultaneous nonlinear equations becomes difficult for large

N and large Ip values.

4.1.3 Harmonic Load-Pull Measurements

Harmonic load-pull setup is similar to the conventional load-pull setup instead it
has additional harmonic tuner, triple stub tuner . The main purpose is to acquire

the phase of the 2" and 3" harmonic load for fixed fundamental impedance

383-05N from Microlab.
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P, =29.73 dBm at Z,=17.9+14.3i0 P .., =35.41 dBm at Z,=15.6-9.6i

m

Mia=06-15% at Z,=15.7+14.8i0 Nmax=12-07% at 2,=15.8-4.7iQ2

Figure 4.5: Simulated power (black-dotted) and efficiency (blue-line) contours on
Smith chart for Vpp = 12 V, Ipg = 80 mA, N = 28 at different input drive
levels, at back-off (left) and at saturation (right). Z; is the impedance seen by
the transistor with parasitics, L, = 1.40 nH and C, = 2.43 pF.

to enhance the efficiency by harmonic wave engineering. Fig. 4.6 depicts the

harmonic load-pull setup having an additional stub tuner.

After the fundamental impedance is determined by the load-pull measure-
ments, the stub tuner and the output manual tuner are calibrated together so
that the tuner positions are mapped for the fixed fundamental impedance at dif-
ferent phases of the 3" harmonic load at I' = 1 circle. When the middle stub
of the harmonic tuner is fixed so that the 3" harmonic load seen from the drain
is shorted, the left stub is used to adjust the phase of the 3"¢ harmonic load
without distorting the impedance seen at the fundamental frequency adjusted by
the output manual tuner. Note that the right stub is not used and only the 3"

harmonic load is considered.

Fig. 4.7 displays the results of the harmonic load-pull measurements. From 45°
to —145° can be considered as the forbidden phase region for 3"¢ harmonic load.
Approximately an 8% enhancement is observed by 3"¢ harmonic tuning. Note

that zero-phase is right-hand-side of Smith chart and counter-clockwise rotation
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Figure 4.6: Harmonic Load-Pull Measurement Setup with Stub Tuner.

is positive direction.
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Figure 4.7: Efficiency and output power versus the phase of the 3"¢ harmonic
load for fixed fundamental impedance, Z¢ynq for Vpp =12 V, Ipg = 80 mA.

4.2 Active Devices

While the same supply voltage, Vpp = 12 V, is applied for all three amplifiers,
the balanced pair is biased as Class-AB (Ipg = 80 mA), and CPA is biased as
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Class-C (Ipg. = —450 mA).

4.2.1 Input Matching Network

The input matching network, identical for all three devices is shown in Fig. 4.8.
It is designed to ensure maximum power transfer to the active device. A parallel
RC circuit is connected in series with the transistor gate to assure unconditionally
stability. A 50 € transmission line is placed between the input and the RC circuit.
A shunt capacitor is utilized to match input impedance at the targeted frequency
by changing the position of the capacitor on the transmission line. The gate
bias voltage is supplied through a resistor and an RFC to improve the transistor
stability.

120 2

Gate
Bias

Bypass —

W=0.4
L=2.54

[—Gate
W=3.8
L=0.5

1 160 @

Figure 4.8: Schematic of the input matching network including bias and stabi-
lization, length and width in mm.

4.2.2 QOutput Matching Networks

4.2.2.1 Balanced Pair

Fig. 4.9 depicts the basic block diagram of the balanced pair. The load impedance,

ZBpa is chosen so that the balanced pair achieves the maximum efficiency at 6 dB
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P input OutMatch| O/PI
o— : _{ BPA Coupler
Coupler <_| Matching <_| |" |" P
Z Z
Zo Zs BPA 0

Figure 4.9: Basic scheme of the balanced pair and impedance transformation.

OBO, approximately 30 dBm. Tt is designed to transform the coupler impedance
Zy = 50 Q to the optimum load impedance at 6dB-back-off, Zgps = 9.8+ 79.3 €.
Fig. 4.10 shows the output matching network and the simulated impedance at the
fundamental and the harmonic frequencies. The output-network is designed using
transmission lines and the open stubs to ease post-fabrication tuning. Following
the technique in [31], TL1 and TL2 are arranged so that third harmonic load is in
the region where the phase variation is less sensitive. TL4 and TL5 are the same
open-stubs, divided equally, to enhance the stub-matching performance with TL3

for fundamental impedance at targeted frequency.

W=0.4
L=1.8

Figure 4.10: (a) Schematic of the BPA output matching network, length and
width in mm (b) simulated impedance seen at the drain of BPA for the funda-
mental, 2"? and 3"¢ harmonic frequencies.

Layout of the balanced pair is completed in ADS according to the input and
output matching networks as displayed in Fig. 4.14.
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Figure 4.11: Layout of the balanced pair generated in ADS.

4.2.2.2 Control Amplifier

Fig. 4.12 depicts the basic block diagram of the control amplifier. The load
impedance, Zcopa is chosen so that the control amplifier achieves the maximum

efficiency at saturation, at approximately 36 dBm.

P Input OutMatch|___ O/PI
o— ] —{ CPA Coupler
Divider 4_| Matching <_| |" |" P
ZCPA Z0
ZO ZS

Figure 4.12: Basic scheme of the control amplifier and impedance transformation.

It is designed to transform the coupler impedance Zy = 50 €2 to the optimum
load impedance at saturation, Zepa = 15.5—53.2 Q). Figs. 4.13a and 4.13b show
the output matching network and the simulated impedance at the fundamental
and the harmonic frequencies. Similar to the output network of BPA, the trans-
mission lines and the open stubs are used for the network design of CPA. By
adjusting length of TL4 and TL5, the fundamental impedance seen at external
drain of CPA is arranged accordingly. Third harmonic load is again terminated
so that it is away from the forbidden region according to harmonic load-pull

measurements.

Overall layout design of the control amplifier is completed in ADS according

to the input and output matching networks as displayed in Fig. 4.14.
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W=2.3
L=4.8

O/P
|—> Coupler

Figure 4.13: (a) Schematic of the CPA output matching network, length and
width in mm (b) simulated impedance seen at the drain of CPA for the funda-
mental, 2"¢ and 3¢ harmonic frequencies.

Figure 4.14: Layout of the control amplifier generated in ADS.

4.3 Phase-Shifter

To tune the phase of the control path, a voltage controlled phase shifter is de-
signed using an off-the-shelf coupler 4 and the varactors °. Fig. 4.15a depicts the
schematic of the phase shifter. Since 3" and 4" port of the coupler are termi-
nated with a capacitive reactance, the signal at input port is exposed to phase
shift at the output while the amplitude stays constant. By changing the capaci-
tance values, the phase can be adjusted as well. The common cathode varactors

are used to minimize the effect of the sudden DC voltage change. Fig. 4.15b

4AV03L from Sirenza Microdevices
5SMV2022 from Skyworks
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shows the phase shifter layout generated in ADS.

IN o—

i
OUTo—

(a) (b)

Figure 4.15: (a) Basic schematic and (b) Layout designed in ADS of the voltage
controlled phase shifter.
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Chapter 5

Simulation and Measurement
Results

Each PA and the phase shifter are fabricated on 20 mil Rogers RO4350B sub-
strate. Fig. 5.1 depicts the fabricated PCBs of the power amplifiers and the phase
shifter.

Figure 5.1: (a) Fabricated control amplifier (top) and one of the balanced pair
(bottom), (b) Fabricated voltage controlled phase shifter.
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The Wilkinson power divider is used as the input power splitter, so the in-
put power is supplied equally for both the balanced and the control amplifier.
Fig. 5.2 depicts LMBA generated by combining the amplifiers, the phase shifter,

the divider and the couplers.

Input Power
Splitter

Balanced Amplifier

Figure 5.2: Photograph of the LMBA prototype.

Fig. 5.3 shows some model parameters in the basic block diagram of LMBA. «
corresponds to input power split ratio. Since the Wilkinson power divider is used,
it is 0.5. ¢ represents the phase delay in the control path, required for proper
load modulation. Since the DC current on the drain is directly adjusted by the

gate voltages, Vi's represent Ipg’s in the model.

(1-y)P Phase [0 Voo,
IRGE) Shifter
P o] I/B_P_gwer
ivider o
_3dBLO VDBPA
YPin /P ’6(GBPA o/P
Coupler %BPA Coupler
5 —oPour
-3dB/-90° L~

GBPA

Figure 5.3: Basic block diagran of LMBA in model.

The parameters used in simulation are given in Table 5.1.
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Table 5.1: Model Parameters in Simulation.

Model Symbol ‘ VDBPA ]DQBPA VDCPA IDQCPA N Y gb
Value |12 0.08 12 -045 28 0.5 -100

5.1 Scattering Measurements

As an initial assessment, scattering measurements of the fabricated devices is
carried out. Fig. 5.4 shows the system used for the S-parameter measurements
of active devices, where we use Keysight N5230C Network Analyzer (NA). Both
BPA and CPA are biased at 12 V and 80 mA for test purposes.

Keysight N5230C
Network Analyzer

Portl ¥
G_ate D_rain
Bias Bias
o O
Attenuator

Figure 5.4: Small Signal Measurement Setup.

Scattering measurements are performed in frequency range of 1.5 — 2 GHz.
Fig. 5.5 depicts the simulated and the measured input reflection and transmission
of one of the balanced pair and CPA. Note that simulations are done in ADS at
schematic level. Approximately 10 dB input return loss with 15 dB small-signal
gain achieved both PAs after fabrication. The measurement results are in good

agreement with the simulations in both PAs.

Measured S-parameters and phase of S21 at 1.7 GHz are given in Fig. 5.6.
The phase of the signal can be adjusted from —70° to 80° by tuning the control

voltage as the signal has almost no loss in forward direction. Since the varactors
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Figure 5.5: Measured and simulated scattering parameters: the balanced pair
(left) and CPA (right).

is non-ideal, there is approximately 2 dB loss at low V¢ values.

25 I I I

100

=—©— Phase of S21
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Degrees ()
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Figure 5.6: Measured characteristics of the fabricated phase shifter for varying
control voltage V.
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5.2 CW Measurements

In measurements, we utilized the network analyzer and the oscilloscope with
current probe as CW measurement setup. As seen in Fig. 5.7, NA and the
oscilloscope are synchronized with external trigger of NA. A linear driver amplifier
is used to amplify input signal power to proper level. A high power attenuator
is used to protect NA from excessive power level. While the input power is
varying, the drain current is recorded by current probe. Then, one can obtain for

dissipated power on the drain for the corresponding input power.

Keysight N5230C
Network Analyzer

Portl sync Port2
LI E LI
ext trig
Gate Keysight DSO5052A Drain

: Oscilloscope :
Bias ohl Cho Bias

L |

Attenuator

Driver

Figure 5.7: CW Large Signal Measurement Setup.

CW measurements are done at 1.7 GHz. Fig. 5.8 depicts the simulated and
measurement results of both BPA and CPA individually when they are biased
at 12 V and 80 mA. Approximately, 10% difference between the measured and
the simulated results is clearly seen in Fig. 5.8. The loss on PCB and discrete
components on the RF path can result some difference between measured and
simulated results. Overall, both BPAs and CPA operate at targeted efficiency
and output power region. For balanced pairs, the drain efficiency is achieved
above 50% at peak power of approximately 30 dBm. CPA operates at saturation
so that it achieves peak output power of 35.7 dBm with 62% drain efficiency.
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Figure 5.8: (a) Simulated and measured drain efficiency and (b) measured gain
versus output power for balanced pairs and control amplifier with Vpp = 12 V,
Ipg =80 mA, N =28 and Z;, = 50 (2 obtained by varying the input drive level,
Ip.

By adjusting the gate bias level of CPA and the phase of the phase shifter,
LMBA is tuned experimentally. Our analytical model indicates that the optimum
is reached when ¢ = —100°. This value is in agreement with the theoretical pre-
diction of ¢ = —90° given in [28]. Balanced PAs operates conventionally till the
output power reaches the peak power of combined pairs, 33 dBm. For the higher
input power levels, CPA starts to operate in such a way to modulate the output
impedance of balanced pairs towards the optimum load at saturation. Fig. 5.9
depicts the simulated and the measured results of LMBA. As it is seen in plot, the
efficiency characteristic is quite similar in both simulation and measurement. In
the simulation, the efficiency stays above 60% throughout 6 dB output-back-off
region. The measured efficiency is 53%, 50% and 47% at peak power of 37.5 dBm,
3 dB and 6 dB output-back-off, respectively.
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Figure 5.9: (a) Measured and simulated efficiency versus output power for LMBA
at 1.7 GHz with model parameters: Vpp = 12V, Ipg = Ipg = 80 mA, Ipg. =
—0.45 A, N = 28, a = /2 and ¢ = —100°. (b) Measured gain versus output
power for LMBA at 1.7 GHz.

5.3 Modulated Signal Measurements

The linearity of LMBA is evaluated by OFDM signal with 10 MHz channel band-
width and 12 dB PAPR, centered at 1.705 GHz. The I-Q components of the
signal are obtained in MATLAB using LTE toolbox. Then, the modulated signal
is generated using IQQ modulation utility of Keysight MXG N5182B generator.
The input power of DUT is adjusted while the average output power is observed
by Keysight N9913A Spectrum Analyzer. The measurement setup is given in
Fig. 5.10.

Fig. 5.11 depicts the measured output spectrum of LMBA with no digital pre-
distortion. A respectable adjacent channel leakage ratio (ACLR) of —33 dBc is

measured with an average output power of 29 dBm and a drain efficiency of 41%.
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Figure 5.10: Modulated Signal Measurement Setup.

-20

-30

-40

Normalized Power (dB/Hz)

-50

-60
1685 1690 1695 1700 1705 1710 1715 1720 1725

Frequency (MHz)

Figure 5.11: Measured output power spectrum of LMBA. LTE signal with 10 MHz
channel bandwidth and 12 dB PAPR obtained from Keysight N5182B signal
generator is used as the modulated input signal.
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Chapter 6

Conclusion

As the thesis subject, a recently proposed load modulation topology, load modu-
lated balanced amplifier, is chosen to achieve high output back-off efficiency and
linearity. The operation theory of LMBA is briefly reviewed and a new analytical
model of LMBA using simple RF transistor model is presented. Although the
match between measurements and model predictions is not perfect, the model is
able to predict the high efficiency and good linearity behavior of LMBA under
OBO conditions.

The design steps of LMBA are explained and an LMBA is designed operating
at 1.7 GHz to verify the analytical results. Three single-ended power amplifiers
are designed, two of which are identical balanced pair achieving maximum effi-
ciency at 6 dB output back-off in class-AB configuration, the other is the class-C
biased control amplifier designed to reach maximum efficiency at saturation. Ad-
ditionally, the voltage controlled phase shifter is designed to adjust the phase of
the control signal for proper load modulation. LMBA is built after each compo-

nent is fabricated and individually tested.

An efficiency of more than 47% is achieved within the 6 dB OBO region with
the peak output power of 37.5 dBm. Using an LTE input signal with 12 dB PAPR,
an average 29 dBm output power (approximately 9 dB OBO) is demonstrated
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with a 41% drain efficiency and -33 dBc ACLR.

As a future work, the integrated version of LMBA can be built. There is only
one example of X-band MMIC application of the presented topology. With the
recent advances in 5G technology, the realization of LMBA in higher frequencies
as MMIC design may play important role for achieving highly efficient RF front-
ends. Also, behaviour of LMBA under the varying load should be investigated,
which is crucial for the transmitter applications where the output of LMBA is

connected to an antenna.
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Appendix A
Series Expansion

The knee profile function given in 3.3 can be expanded as,

N/2
k(vas) = ko + Z[/@nﬁ cos(2n) + kap o cos(2n0)] (A.1)

n=1

The components k;’s can be found as,

w=1-() (v)

kon,r = —2 (g) ) ( N /év_ n) cos(2n7y) (A.2)

o =2(2) (42 st

where V and v are the magnitude and negative of the phase of the normalized

drain voltage, respectively.

The DC and the fundamental components of the drain current can be written
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in terms of k;’s and A;’s,

N/2

1
Iy = Aol + 5 ; Aopkon r
1 N/2
Ligp = Aily + B ;(AQn—l + Aopi1)kon,r (A.3)
] N/2
IlQ = 5 nZ:;(Ain - A2n+1)k2n,Q

Then the drain current in the phasor at the fundamental can be written as,
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Appendix B

Algorithm for Single-Ended
Amplifier (Load Impedance
Sweep)

1. input N, IDQ, IP, VDD and Z0

2. input number of phase steps of load I', np, number of amplitude steps of

load I', ng and maximum I' amplitude, gm
3. initialize matrices to reserve space, POUT, EFF, VDS, IDS, 10 and ZL
4. define a function 10 = f1(N,IDQ,IP,VDS)
5. define a function IDS = f2(N,IDQ,IP,VDS)
6. define the solver
7. for phi from 27 /np to 27 with step size 27 /np do
8. for g from 0 to gm with step size gm/(np — 1) do

(a) find corresponding normalized load impedance, ZL/V DD

(b) solve the non-linear function system for VDS,
IDS = f2(N,IDQ,IP,VDS) and VDS = ZL x IDS
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c¢) find 10 using function f1

(
(d) find IDS = VDS/ZL

(
(
(g) save POUT, EFF, VDS, IDS, I0 and ZL

)
)
e) find POUT = real(VDS x conj(IDS))V DD /2
f) find EFF = POUT/I0

)

9. end
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