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Multifunctional RF front ends need to transmit signals with varying peak-to-
average ratios requiring high linearity which often implies low e ciency. This thesis
studies high-e ciency class-E microwave power ampli ers as apotential candidate for
linear ampli cation. Most part of this work is based on a class-E PA designed at 10 GHz
with output power of 20.3dBm(0.7 dB less than the speci ed maimum output power)
and drain e ciency of 67 %.

Generally, a class-E PA is designed to operate in the saturatk(nonlinear) regime
and does not maintain high e ciency at lower input power levels. To enable class-E
ampli cation of signals with varying envelopes, the idea ofdynamic control of the bias
supply is brought up. A coupler and detector at the output of the PA provide a feedback
signal to the drain bias controller based on an e cient DC-DC converter. The feedback
signal is compared with a reference voltage and the drain b is varied to obtain the
desired output power. When compared with a PA with constant drain bias, the average
e ciency of the PA with dynamic biasing is improved by a facto r of 1.4 over an output
power between 15 and 20 dBm.

The linear relationship between the drain bias and output sgnal amplitude of a
class-E PA enables linearization using the Envelope Eliminaon and Restoration (EER)
technique. In this thesis, linearity characterization of X-band class-E power ampli ers
using di erent technologies operating in EER mode is discused. The PA is characterized
in terms of its AM-AM, AM-PM conversion and two-tone intermodul ation products in
the context of EER mode of operation. Measurements of intermodulation distortion are

compared with harmonic balance simulations using a TOM modéprovided by the device



iv
manufacturer. It is shown experimentally and through simulations that the ampli er
in EER mode has improved linearity while maintaining high-e ciency operation. To
achieve better linearity, a lookup-table based baseband opeloop digital predistortion
is proposed and carried out at two-tone frequency spacing of®KHz, 200 KHz, 625 KHz
and 1 MHz.

The last part of the thesis is investigation of class-E ampli er driven phased array
for e ciency and increased functionality. Side lobe control and scanning of the array
is accomplished by dynamically biasing the class-E PAs. Thetady is based on a 11-
element 1-dimensional rectangular patch antenna array. AM-AVl, AM-PM e ect on
side-lobe control and e ect of scan re ection coe cients on PA behavior is studied.

Future work relating to the linearity of class-E PAs includes: 1) incorporation
of adaptive feedback loop in the baseband predistortion to dirther linearize the PA,
2) correction for memory e ects in the predistortion; 3) lim itation of the feedthrough
voltage by controlling the driver stage. Future work conceming active antenna arrays
are realization of the active antenna array and testing of its steering, side lobe control

and optimization.
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Chapter 1

Introduction

1.1 Introduction

Modern wireless communication systems demand increasingimore power con-
servation and channel capacity. As a consequence, higher €iency and linearity are
expected from power ampli ers (PA). In this work, class-E power ampli ers are studied
for potential applications in multifunctional RF front end s [3]. The class-E mode of
operation, rst proposed by Ewing [4] in 1964 and later by Artym [5] and Sokal [6], has
ignited research interest due to its high e ciency and simple circuitry. Raab [7] ana-
lytically solved the class-E circuit and derived the load impedance required for optimal
operation. Later Kazimierczuk et.al. [8] analyzed the clas-E circuit with di erent load
Q factors and duty cycle of the device switching. Publicatims have shown that class-E
PAs can achieve 96.5 % drain e ciency at VHF (145 MHz), 79 % at UHF and up to 74 %
at X-band [9]. Negra et al. designed a Ka-band MMIC class-E PA in @As pHEMT
technology and achieve 56.2 % drain e ciency[10, 11].

In a PA, the largest contribution to loss is the power dissipaed in the transistor.
In class-E mode of operation, the active device acts as a swihcdriven into saturation.
The waveforms of voltage and current through the device wort overlap in time domain
and hence there is no power dissipation. Furthermore, in clgs-E mode, the load network
is designed so that the voltage across the device reaches aewith zero slope when the

device is turned on. Sometimes referred to as \soft switchig”, this makes the PA



more tolerant to circuit variations and device transition t ime. The speci ¢ output load

impedance value is derived by Raab [7] and it is inversely prportional to the operating

frequency and output parallel capacitance. Another advantge of the class-E PA is that
the output capacitance of the device becomes part of the patkel capacitor required for
class-E operation and does not contribute to additional paraitic loss. It is mentioned
by Sokal [9] that the power losses in a class-E PA are about 2.3rhes lower than the
loss in conventional class-B PA with same output power, fregency and transistor.

Mader et al. [12, 13] extended class-E concept to microstripiccuits at microwave
frequencies. Class-E PAs were designed at 500 MHz with drain @ency of 85 % and
PAE of 80% [12] and up to 5 GHz with drain e ciency of 81 % and PAE of 72% [14].
The class-E operation is con rmed with time-domain drain voltage waveform measure-
ments. Pajc [15] summarized the class-E design approach uh the aid of agilent ADS
simulation and load-pull measurements. This work was also eended to 10-GHz two-
stage class-E ampli ers with power added e ciency of 52 % [11]

In this work, properties of class-E circuit are further studied focusing on dynami-
cally biasing the PA for improved e ciency, power output and linearity. The experimen-
tal part of the research is at 10 GHz using a class-E PA designedith GaAs MESFET
AFMO04P2 from Alpha industries. The nominal output power is 20.3dBm (0.7 dB less
than the speci ed maximum output power) and drain e ciency i s 67 %. The class-E
PAs designed in this work follow the design method outlined n [15].

In characterizing a RF/microwave PA, common measures of e ciency are drain/collector
eciency ( p or ¢), power added e ciency (PAE) and total e ciency ( ). They are

de ned as follows:

P
p(or ¢)= 5> (1.1a)
DC
P P;
PAE =~ 'In (1.1b)
Pbc
P
out (1.1c)

~ Ppc + P
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where, Pin, Pout are the input and output RF/microwave power; Ppc is the DC
power consumed by the PA. Drain/collector e ciency is a measure of DC power to
RF/microwave power conversion. PAE is the most commonly used e ciency measure
and takes into account of the input power. Total e ciency s the ratio of total output

power and total input power, including both RF/microwave an d DC power, and shows

the power dissipation in the circuit most clearly.

1.2 Thesis organization

This thesis is composed of seven chapters and a brief overweof each chapter is
given below.

In Chapter 2, the analysis of the class-E circuit is presentedor the purpose
of nding the tolerance of the PA to the impedance variation at the fundamental and
second harmonic frequencies using frequency-domain apprda[2]. The analysis of load
impedance at fundamental frequency it is assumed that the lad network presents an
open at all harmonic frequencies. Raab [16] examined the inget of load impedance
variation on class-E PA performance analytically under simlar assumption for some
discrete impedance values. In this work, load impedance areampled uniformly across
the Smith chart and contour plots of parameters characteriing the PA are found. It
is shown that the class-E circuit is tolerant of impedance varation. For analysis of
impedance sweeping at the second harmonic frequency, thedd network is assumed
to provide an open circuit at frequencies above the second mmonic. The impedance
at the second harmonic is again sampled uniformly across th&mith chart. At each
sampled impedance value at the second harmonic frequencyhé impedance value at
the fundamental frequency is determined to satisfy the \sof switching" boundary con-
ditions. Once the impedance values at rst and second harmoit frequencies are known,
the circuit can be analyzed for e ciency, power etc. The characterizing parameters of

the circuit are shown as contour plots on the Smith chart. Theonly loss in the circuit
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is the power contained in the second harmonic and when its poer level is over 40 dB
below the signal at fundamental frequency, the e ciency degadation is less than 10 %.

In Chapter 3, slow dynamic biasing is used for e ciency improvement at
lower power levels for 10-GHz class-E PA built using a GaAs MESET AFM04P2. A
similar approach has been applied for e ciency improvementat lower frequencies[17, 18].
The linear relationship between the output signal amplitude and drain bias of a class-E
PA enables output power control through drain bias. Our measirement shows that the
drain e ciency improved from 41.5% to 60% assuming uniform probability distribution
function of the output power in the given range. Although the complexity of the PA
circuit increases when the DC/DC converter is added in a feetack loop, it is shown
that the overall average e ciency is improved signi cantly , justfying the addition of
dynamic biasing.

In Chapter 4, the linearity of a class-E PA is characterized inEnvelope Elimi-
nation and Restoration (EER) mode of operation and a full implementation of a digitally
controlled X-band transmitter is demonstrated in collaboration with Yousefzadeh and
professor Maksimovic [19]. In a power ampli er design, e ciency and linearity always
need to be compromised. Wireless communication is facing ace bandwidth and to in-
crease channel capacity, the modulation will need to inclué both amplitude modulation
(AM) and phase modulation (PM), which requires a linear PA. T he linear relationship
between the output signal voltage and drain bias enables a aks-E PA to operate in EER
mode [20], in which a relatively narrow-band signal is separ@d into a low-frequency
AM signal and a constant-envelope PM signal. The low-frequeng AM part of the sig-
nal can be ampli ed by linear ampli er e ciently while the PM  signal drives the PA
into saturation all the time and hence the PA maintains high e ciency. Linearization
of class-E using EER technique has been reported at lower fregncies, e.g. an EER
transmitter at HF/VHF is demonstrated in [21] with IMD3 of be tter than 40dBc is

achieved. Limited work has been done in EER at microwave fregencies. For example,
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in [22] the e ciency and linearity behavior of a 8.4-GHz classF PA is studied for both
general linear mode (with constant biasing) and EER mode, fodi erent manually con-
trolled drain bias schemes. An IMD3 level of 27 dBc with a time-average e ciency for
a multi-carrier signal with 10-dB peak-to-average ratio of 44% & obtained for a modi-
ed EER mode compared to a 10% e cient backed-o class-A PA with the same IMD3
ratio, using the same device. In this thesis, statically meaured AM-AM, AM-PM and
two-tone test results are analyzed. E cient wide-band envelope tracking, which is re-
quired in the EER scheme, is achieved through a combination foa switched-mode power
converter and a linear class-AB ampli er. In the two-tone test, the frequency spacing is
1 MHz and upper side IMD3 level of -25.4 dBc and lower side IMD3dvel of -20.7 dBc is
achieved. Borges de Carvalho and Pedro [23] explained the ase of asymmetry in the
spectrum and attributed it to biasing matching network. It i s concluded the EER can
be e ectively used to linearize the class-E PAs at X-band freqencies.

In Chapter 5, lookup table (LUT) based baseband digital predstortion is
used to improve linearity of the class-E PA. Predistortion o0 ers optimum e ciency
and size compared with other two linearization techniques,namely feedforward and
feedback [1]. Moreover, with the advances in DSP technologyoday, baseband digital
predistortion becomes more viable for linearization. The MD3 level of below -30 dBc
is usually the requirement for a transmitter [24]. In our predistortion measurement,
an IMD3 level of -33dBc is obtained for a two-tone frequency speing of 20 kHz. But
as the modulation frequency increases, the IMD level detedrates and also becomes
asymmetric due to device memory e ects. Open-loop predistaion technique is used
here and better linearity is expected with the use of adaptie feedback loop. Device
performance changes due to aging, temperature and power sply uctuation can be
corrected through adaptively updating the LUT. However, memory e ects remain a
problem since memory e ects are usually associated with adte device low-frequency

dispersion, electrothermal interactions and bias circuity [25]. In addition to the digital



predistortion, this chapter examines optimal load for linearity using a load-pull exper-
imental techniqgue under EER two-tone input. Load-pull has been an important tool
for PA design [26] especially for saturated PA. In this thess FOCUS load-pull system
is used to measure two-tone intermodulation distortion (IMD) of the class-E PA in
both general and EER mode of operation. As expected, load imgdance for optimal
IMD level are dierent for this two kind of operation. For the design of class-E with
application in EER, the choice of load impedance should acanmodate for IMD level.
In Chapter 6 the possible bene ts of using class-E ampli ers & the driving
ampli er for an active phased array are studied. Speci cally, use of dynamically biased
class-E PAs at each antenna element for side-band level contrand compensation for
mismatch due to scanning are examined. The e ect of AM-AM, AM-PM properties of
the PA and PA performance with di erent load impedances are smulated or measured.
In the last chapter, main contributions are reviewed and sone directions for future

is suggested.



Chapter 2

Theoretical Analysis of Impact of Impedance Variation on Cl ass-E

Behavior

The circuit diagram for ideal class-E mode of operation is shan in Fig 2. The
active device is modeled as an ideal switch. The parallel caeitor Cs can include
output capacitance of the device and external capacitance étween drain/collector and
source/emitter. The low-pass Iter from the series inductor and capacitor is a short at
the fundamental frequency and an open at all harmonic frequecies. The load Z is a
speci ¢ complex impedance required by class-E operation. Té RFC (radio frequency
choke) is an open at fundamental and higher harmonic frequeties. The ideal class-E
circuit was analyzed by Raab for a 50 % switching duty cycle, ad calculation leading
to an optimal value of Z, is given in [7]. Kazimierczuk et al. [8] solved the circuit fa
arbitrary duty cycle and Q factor of the harmonic lter. The a nalysis of the class-E
circuit is based on the two boundary conditions in the time damain waveform, that is
the time-domain waveform of the voltage across the switchys(t) in Fig 2, goes to zero
with zero derivative as the switch closes. The waveforms ofhte current and voltage
of the switch normalized to their DC values are shown in Fig 2 ér one period. The
boundary conditions, which are also referred to as \soft swiching”, enforce no power
dissipation in the switch and the circuit becomes less sentsve to circuit variations.
Ideally, drain/collector e ciency of class-E ampli er is 10 0%, assuming the transistor

is an ideal lossless switch.
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The class-E PAs built in this work follows the design method described by Mader [12].
The parallel capacitance G in Fig. 2 is the output capacitor of the active device. At
the load side, only the second harmonic is open-circuited, wibh was shown to be ad-
equate [13]. So, in our design process the major concern isdtdegradation of class-E
operation as the impedances at the fundamental and second haonic frequency deviate
from the optimal values. In order to quantify the deteriorat ion of class-E behavior as
a function of impedance variation, the class-E circuit is andyzed here in the frequency
domain based on the technique developed by Kee [2]. The dewcused in most part
of this work is a MESFET AFMO04P2 from Alpha industries. The parallel capacitor at
its output port is estimated from its S parameters to be 0107 pF([27]). The PA design
using this particular device was rst developed by S. Pajc and the measured second

harmonic level at the output is over 40 dB below the power at fundamental frequency.

2.1 Circuit governing equations for frequency domain analy sis

For the frequency domain analysis of the class-E mode, the a@uit shown in
Fig 2.3 [2] is used. The load network is composed of bandpasdters at each of the
harmonic frequencies and present an impedancgx (0 k N) at frequency k f,,
wheref g is the fundamental frequency. For harmonic frequencies ab@ N  f, the load
network is assumed to be open. Our goal is to nd the dependere of the circuit on Zg
and Z,.

Referring to Fig. 2.3, the sum of current owing out of the switch and capacitor
can be expressed as

X

ix()=a+ [a cosk )+ b sin(k )] (2.1)
k=1



V(&)

Figure 2.1. The circuit diagram of an ideal class-E amplier. The active device is
modeled as a switch and its output capacitance is a part of theparallel capacitor Cg;
The low-pass Iter comprised of L and C is a short at the fundamental frequency and

an open at all harmonic frequencies; The complex load is the optimal impedance for
class-E operation. RFC (RF choke) is a short at DC and an open afundamental and

higher frequencies.
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Figure 2.2: The current and voltage waveforms across the trasistor (switch) of an ideal
class-E ampli er. The values are normalized to their DC values (Vps; Ips).

where angular frequency =2 f ot. Fourier transform coe cients of iy are

8
% 20; k=0
i(b=2: 1 k N
(k) = a | (h=2) 2.2)
%ak+j(h<=2); Kk k1
- ikj > N

0;
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Figure 2.3: The circuit diagram of a class-E ampli er for the frequency domain analy-
sis. The load is decomposed into parallel branches correspding to fundamental and
harmonic frequency terminations. The band-pass lIter at k-th branch is a short at kf 4
and an open at other frequenciesZy is the complex impedance presented to the active
device at frequencykf o [2].

When the switch is closed, no current ows through the capacior and is = iy; when
the switch is open,is = 0. At the moment the switch closes, if there is charge,Q, stored
in the capacitor it will discharge through the switch instantly. This instant discharge

causes an impulseQ ( ) in the current is. So,ig is written as
is()= s() ix()+Q () (2.3)

where, 8
21 0 <2D
()=
0 2D < 2
and D is the duty cycle of the switch, which can be between 0 and.. As shown in Fig. 2
it is assumed that the switch is closed during [p)D 2 ] and open for the rest of the

period.

Similarly, the current owing into the capacitor can be writ ten as

ic()= s() ix() Q () (2.4)
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where, 8
20 0 <2D

s()=
1 2D < 2

The Fourier transforms of the two expressions above akth harmonic (0 k N) are

0= 50 SK) 1K

1 W (2.5)
=Q Sk D)
I= N
1
k)= 5Q S 1K
(2.6)

1 X
S Q sk Dk
I= N

where, denotes convolution;S(k) and S(k) are the Fourier transformation of s( ) and

s( ),and D =1 D, resulting in

8
2 p; k=0
S = sin@Dk) . sin(Dk ). (60 2.7)
2k I
8
21 D; k=0
S= 5 sin@ DK) L SIRCDK) o (2.8)
2k I
Voltage builds up across the switch when the capacitor is beig charged, so
1 z o ,
ve()= & ie( 9d
g% °
2 0< < 2D (2.9)
> 1 R
- m 2D IC( %d O; 2 D < < 2
Its Fourier transform is
_ 1 1¢(k)
Vs(K) = ] I C. K k60 (2.10)
At each frequency
Zy 1x(k)= Vs(k); O<k N (2.11)

Substituting Eq. (2.10) into above expression, the followng is obtained:

ik! oCsZklx(k) 1c(k)=0; 0 k N (2.12)
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The above equation is also valid fork = 0 case since the DC component of the current

through the capacitor is zero. Substituting Eq. (2.6) into Eq. (2.12) gives
jK! oCsZklx(K) + 2iQ+ S(k) Ix(k)=0; 0 k N (2.13)

Now we can normalize the impedance value<, to the impedance value of the parallel

. 1
Cca aCItOI', —_—
P I 'oCs

Rok = Re(Zk)! oCs (2.14a)

X ok = IM( Z)! oCs (2.14b)

Substitute equations (2.2),(2.8) and (2.14) into Eq. (2.13. The results forD = 0:5

(i.e. 50% duty cycle) are shown below. Wherk = 0,

X |
Lo 1 (D, 5Q=0 (2.15)

When k 6 0 the real part of the equation is

1 KXok KR ok 1 X1 (k!
(7 3 )&+ bt 57Q+ 2 K2 1?)

=1
16 k

h=0 (2.16)

the imaginary part gives

1 ( 1)k KR ok 1 KXok Xk (et

ok ap + > Ak 2 > b( + B —2 (k2 |2) q =0 (2.17)
6k

The linear system of equations from (2.15) to (2.17) are the gverning equation

set for the circuit shown in Fig 2.3 with duty cycle of 50 %. There are (2N+1) equations
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in the following matrix form:
2 3

az

[Alen+1) @n+2) 8 by =0 (2.18)

Q

2N +2

Now the class-E requirements will be imposed to the circuit geerning equa-

tions (2.18). The boundary conditions are:

VSj =0 = 0 (219&)
s g (2.19b)
d =0

The voltage across the capacitor at the instant of transition is zero which means that
the charge on the capacitor at that moment is zero,Q = 0. Together with linear system

in Eg. (2.18), there are now N + 2 unknows and equations.

2 3
ag
ap
2 3 :
Alon +
9 Ao g by =0 (2.20)
Q N+2 R
Q
2N +2

For this homogeneous system to have nontrivial solution, tle determinant must be zero:

[Alen+1) @N+2)

00 1L N+

=0 (2.21)
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Based on equations (2.9),(2.4) and (2.1) the second boundgrcondition, Eq. (2.19b)

becomes
dVs 1 -
d = Cs c =0
1 X
= ay
T OMS ofoNg
=0
therefore,
X
a =0
k2f O;Ng

With Eqg. (2.18), there is another homogeneous system of sizeN + 2.

2 3
ao
ag
2
[Alon+1) N +2
g Plen ene) z . o
11 ]; v+ [00 (2N +2)
1 (N+1) 2N +2) bz
Q N+
1

Again the determinant must go to zero to have nontrivial solutions.

[Alen+1) @Nn+2)

11 ey 00 (N

(2.22)

(2.23)

(2.24)

(2.25)

The impedance values need to satisfy Eq. (2.25) and Eq. (2.210 meet the \soft

switching" boundary conditions for class-E operation.

The voltage and current waveforms can be found when all impeances and DC

bias values are known. ag, the DC portion of the current iy is supplied by the DC

source and is equal td ps. When combined with linear system of equations (2.18), the
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following results:

2 3
aop
ag >
2 3 : Ips
[Alon+1) @N+2)
g Wenen z b B,
10 1 wey 00 ) iy @ne2)
(2N +2) (2N +2)
1
Q (2N +2)
1
(2.26)

This is an inhomogeneous system of equations describing tharcuit in Fig. 2.3. With
impedance values,Z,(0 kK N) known, waveform coe cients can be calculated
and time domain waveform for voltage and current across the witch will be obtained.
This formulation is reported in reference [2], where it is ugd to develop class-E/F PA
by optimizing load impedance at harmonic frequencies. Our gal is to extend this
theory in order to be able to perform theoretical load-pull analysis for the impedance at
the fundamental frequency and second harmonic and nd the téerances of the class-E
circuit operation to the impedance values. Load-pull is the nost accepted experimental
technique for high e ciency and high power microwave PA design, and in Chapter 5

load-pull measurement results will also be shown.

2.2 E ect of impedance variations at fundamental frequency

The in uence of impedance variation at the fundamental frequency is analyzed
assuming the load network provides an open-circuit at secondand higher harmonic
frequencies based on the derivation in last section. The imgdance at the fundamental
frequency will be swept and contour plots for drain e ciency, power capability and
output power will be plotted on the Smith chart.

Since all higher order harmonic frequencies are open-cirdigid by the load network,
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N =1 in the equations derived in previous section. The normalzed impedance at the

fundamental frequency isZy = Re1 + jX o1 and iy becomes

ix( )= ap+ aycos()+ bysin( ) (2.27)

The matrix A in Eqg. 2.18 becomes

2 3
bo ot g
A=80 1 ZXa Ra 0 (2.28)
i S S

The class-E impedance will be calculated from Eqg. (2.21) and Eq(2.25), which

in this case reduce to:

1 1 1
3 0 = 3
0 1 Xoa Rau 0
4+ =0 (2.293)
1 Roi Xo1 10
2 2 4
0 0 0 0
1 1 1
3 0 = 7
O l Xol Rol 0
4o 2 =0 (2.29b)
l Rol >(01 l 0
2 2 4
1 1 0 0

Solving the equation set results in the normalized impedane for the optimal

class-E operation:

8
—_— 4 + 2 —_— .

Note that there is a second solution which is trivial and gives Ry = 0.
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Current waveform coe cients are calculated from Eqg. (2.26):

2 32 3 2 3
5o L gy g0
0 1 Xt Ba 0 a 0
¢z 2 = (2.31)
1 Ré)l Xfl % 0 by 0
10 0 0 Q Ibs

Substituting the values of the fundamental impedance, the vaveform coe cients are

found to be: 2 3 2 3
ao Ipc
a1 Ipc
= (2.32)
bl ElDC
Q 0
The voltage across the switchys, during period 2 2 ]is
1 Z
= i d
V()= e e 9d(9
1 .
= o (@( )+ asin()+ bicos()+ by (2.33)
= 0Vvs
1 : 1
= | — —
gloc () sin() goos() 3
The average (DC) and maximum values of theiy and vs are
ix;DC = Ips
ixmax = Is] =2:14 = 2:86l ps
1
VspC = I (2.34)
s:DC | .Co €
= Vbs

Vsmax = Vs] =4:28 = 3:55Vps
The waveforms ofiyx and vs normalized to their average values are shown previously in

Fig 2. The RF output voltage across the real part of the impedaice R; is

q 4
Vo = R1 aZ+ g = Po—2Vbc = 1:074pc (2.35)
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When a matching network is used to transform the 50 load to the desired impedance

of Ry + jX 1, the output voltage across the load is

r _ r
50 50 4
Vout ﬂvout = RT%VDC (2.36)

Hence, there exist a linear relationship between the drain as and output voltage. This
property is the basis for the application of class-E PA to EER shematic, as will be
discussed later.

The Output power and power capability (as de ned in [24]) are

1. . . 1
= sllx  IxDbC Jle = ——I I%C = 1 oCsVspC (2.37a)
! oCs

2
\M:)im( =0:098 (2.37b)
In this work, as mentioned earlier, the device used in the mesurements is a
GaAs MESFET AFMO04P2 from Alpha Industries. In saturation, the MESFET is ap-
proximated by a switch in parallel with a capacitor. The parallel capacitance for this
device found from S parameter deembedding i€s = 0:107 pF. The operating frequency
isf, =10GHz. The DC bias voltage, Vps is generally given. However Eg. (2.26) solves
the circuit assuming DC bias current, | ps, is known. Eq. (2.9) shows that DC voltage

and current coe cients ( Ips, ao; ;an ) scale linearly, which enables the analysis of

the circuit for constant DC voltage bias.

The reactance of the output capacitor is = 148:7. The impedance is

!OS

swept and for each value Eq. (2.31) is solved. Based on the waform of the voltage and
current of the switch drain e ciency, normalized output pow er and power capability
are calculated and their contour plots are shown in Fig. 2.4.In Fig. 2.4(a) the optimal
impedance for ideal class-E operation is indicated by the cres sign, which corresponds

to 100% drain e ciency and its value is Zopt = 27:3013 + ) 31:4649. When Zqy is

: , 1
normalized with respect to |
* 0Vvs

drain e ciency shows considerable tolerance on the impedane change. When the load

with Cs = 0:107 pF, Eq. (2.30) is obtained. The
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(@) (b)
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Figure 2.4: Class-E circuit behavior characterization as lad impedance takes on discrete
values uniformly sampled in the place. (a)Drain e ciency ( %) of the circuit. The cross
sign is the optimal impedance for ideal class-E operation, oot = 0:1098 +j0:4517.
(b)The normalized output power (W) of the circuit. The norma lization value is the
output power of the circuit when the load is the optimal value Zqy. (c)The power
capability of the circuit.

changes within a circle of radius 0.2, that isj opt oadj 0:2, the drain e ciency is
over 90 %. Fig 2.4 shows that ideal class-E impedance does natgqwide maximum output
power and power capability. The stress on the device is worsin class-E compared with
class-A/B/C and class-F [24]. As will be discussed in the next bapter, in our design

practice, the power ampli er is optimized for both output po wer and e ciency.
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2.3 E ect of impedance variation at second harmonic frequen cy

In the design of the class-E PA, the second harmonic is explity terminated
by an open-circuit. Next we will examine the e ect of the impedance at the second
harmonic frequencyR; + jX » while assuming higher harmonics are open-circuited and
\soft switching conditions" are satis ed. The impedance at the second harmonic is
swept. At each impedance value sweptR, + jX 5, based on Eq. (2.21) and Eq. (2.25),
impedance value at fundamental frequency,R; + jX 1, satisfying the two boundary
conditions is calculated. The resulting load network presats R; + jX ; at fundamental
frequency, R, + jX » at the second harmonic frequency and the circuit satis es tle \soft
switching" operating conditions. Therefore, the only lossin the power will be power
contained in the second harmonic.

When N =2, based on Eq. (2.15) to Eqg. (2.17) the matrix A becomes

2 3
1
10 0 1 0 £
0 0 &3 Tz
A=80 0 I X £ R» & (2.38)
s 5 % 10 0
0 £ R> 0 X, 20

The impedance at the fundamental frequency is chosen to satfy the boundary condi-
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tions. At N =2, Eq. (2.21) and Eq. (2.25) become

1 1
3 0 0 1 0 5
Xo Ro 2 1
0 7 "0 2 3 2
0 0 i X2 3 R, L
4 3 2 =0 (2.392)

Ro 1 Xo 1
2 3 A 0
0o 2 Ro 0 X2 7 0
00 0 0 0 1
1 1 1
1o 0 1 0 L
1 Xo Ro 2 1
0 3 20 5 i 2
0 0 1 x, L R, 1

4 3 ) (2.39b)

1 Ro 1 Xo 1
= 5 3 >0 a2 0 0
0 2 R2 0 X, 20
11 1 0 0 0

The results for above calculations are shown in Fig. 2.5. Forcertain values of
impedance at the second harmonic frequency, equation set (29) cannot be solved,
that is \soft switching” boundary conditions cannot be satis ed by proper choice of
impedance at fundamental frequency. These impedance valseare shown as the shaded
area in each Smith chart. Fig. 2.5(a) shows that when the seaw harmonic level is
less than 40 dBc the drain e ciency degrades less than 10%. K. 2.5 shows that the
impedance at the second harmonic can be optimized for outpupower or device stress
(described by power capability) without sacri cing drain e ciency. Especially, when
the impedance at the second harmonic is more capacitive wlel staying close to the
j j =1 circle, more output power can be obtained. As mentioned edier in this chapter,
in the PA built, power level at the second harmonic is about 40dB below the power
at fundamental frequency. So, the termination of the secondharmonic in the PA is

adequate concerning drain e ciency degradation.



22

() (b)
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Figure 2.5: Class-E circuit behavior characterization as lad impedance at second har-
monic frequency varies: (a)Drain e ciency (%). (b)Output p ower (W) normalized to
the ideal class-E case, that is impedance at second harmonig an open-circuit. (c)Power
capability. (d)The second harmonic power level relative tothe power at fundamental

frequency (dB).

2.4 Discussion

In this chapter the sensitivity of class-E PA to the load variation at fundamental
frequency and second harmonic is discussed through analgtil approach. It is veri ed
that ideally, class-E circuit is quite tolerant of impedance change. The load-pull mea-

surement of the class-E circuit of the MESFET AFM04P2 device has been performed
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by Pajt [27]. In this work, similar measurements are carried out and results are shown
in Chapter 5. The measurement of load-pull of impedance at semd harmonic is left
as future work and believe this will help clarify and improve design strategy for class-E

PA at microwave frequencies.



Chapter 3

Dynamic Biasing of Class-E PA for Output Power Control

High-e ciency power ampli ers are designed to operate in the saturated regime.
As a consequence, when a range of output power levels is reqed, such as in the case
of mobile phone communications, the e ciency su ers at the lower power levels. The
idea of dynamic control of the bias supply is brought up to inaease the e ciency for
low output power levels by optimally varying the bias supply. Hanington et al. [17]
designed a dynamic control circuit using a boost DC-DC conveter, and demonstrated
an increase in average e ciency by a factor 1.64 (from 3.89% ¢ 6.38%) for a 1-MHz
bandwidth CDMA signal input to a 950-MHz HBT class-A power ampli er. The same
authors applied a DSP controlled DC/DC converter and a predistortion technique to a
950-MHz CDMA signal ampli er and showed improvement in e cie ncy (by a factor of
1.4) as well as linearity (8dB improvement in ACPR) [28]. Staudinger et al. [18] and
Raab et al. [29] used a class S modulator to supply the dynamichanging drain bias
at low microwave frequencies (835MHz and L-band). In [18], tle average e ciency for
CDMA signals was increased by a factor of 5 over the constantilas case.

This chapter describes the implementation of the high-e ciency 10-GHz class-E
ampli er with dynamic drain bias control that maintains hig h e ciency over a range of
output power levels. The 10-GHz design frequency is 10 timesigher than the carrier
frequencies in referenced material, making the high-e ciercy switch-mode design more

di cult. First, design and characterization of the class-E P A using MESFET device is
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shown. Next, the e ciency improvement over certain output p ower range is presented.
Finally is the results for the same approach appied to class-FPA designed using DHBT

and PHEMT devices.

3.1 Class-E PA characterization

In the previous chapter it is mentioned that most part of the work in this thesis
uses GaAs MESFET AFMO04P2 from Alpha industries for the PA design. The rst
class-E PA using this device is designed by Srdjan Pajc and e PAs built for this work
is based on his design. For the design details please refer [87]. Numerous PAs have
been built in this work and due to di erent devices and indivi dual tweaking, there are
somewhat di erence between them as will be noticed in later bapters. The substrate
used in the PA implementation is RogersM TMM6 with , = 6 and a thickness of
0.635mm. The chip device is mounted on a ground pedestal to mimize bond-wire
inductances. In saturation, this particular MESFET's outp ut port is approximated as
parallel connection of a switch and a capacitor of 0.107 pF[2]. The PA built is shown
in Fig. 3.1. The output port consists of two stubs, one for seond harmonic open-circuit
termination and the other is for providing the optimal load i mpedance, which is found
to be Zon = 27:3+ 325 at fundamental frequency in Chap 2. After the matching
section there is a 20-dB coupler and a detector for sensing theutput power, which are
for output power control as will be discussed. The input matding network maximizes

the compressed ampli er gain.

3.1.1 Class-A PA characterization

The power ampli er operates in class-E switched mode with 67%drain e ciency
at an output power of 20.3dBm, 0.7dB less than the speci ed maimum power for the
device. Fig. 3.2 shows the measured power, e ciency and gairof the PA in terms

of input and output power. The results in Fig. 3.2(a) are measred for a xed input
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Figure 3.1: Class-E PA built using MESFET AFMO04P2 (Alpha industries), includes
input and output matching circuits, biasing circuits and ou tput power detector (coupler,
Schottky diode and low-pass lter).

power of 12 dBm, gate bias of -1.4 V and varying drain bias. The otput power and
e ciency in Fig. 3.2(b) are measured with a gate bias of -1.4 V, a drain bias of 4.0 V
and varying input power. The PA drain bias properties are chaacterized in Fig. 3.2(c),
which shows that at drain, the PA behaves as a resistor of coriant value as the output

power changes.

3.1.2 Drain voltage waveform probing

To verify that the PA is operating in class-E mode, another PA is built to probe
the drain voltage waveform of the PA. The diagram of the PA and test setup are shown
in Fig. 3.3. For simplicity, no bias line or the output coupler section is built on the
PA. A resistor of 1K is connected between the drain and tapered 50- line, which
then connected to the oscilloscope. The resistor is placedsaclose to the drain of the
device as possible. The resistor size is 0.3mm by 0.6 mm. It Boped that the resistor

don't disturb the class-E operation. In the setup, through a divide-by-8 frequency
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(@) (b)

(©

Figure 3.2: Measured characteristics of the class-E PA: (a) ga and e ciency as a
function of output power; (b) output power and e ciency as a f unction of input power;
(c) measured drain voltage and current of the PA vs. output powver for constant input
power.

divider the signal from the sweeper becomes 1.25GHz and fed tthe trigger port of
the oscilloscope (which has a maximum frequency limit of 2 GH). HP 54750 digitizing
oscilloscope, which has a bandwidth of 50 GHz, is used to rembthe time-domain signal.
The input impedance of the signal port is 50 . The signal shown on the scope will be
approximately 1=21 of the drain voltage. The matching network of the PA is tweaked
to nd the optimum e ciency and output power. The waveform of the drain voltage is
shown in Fig. 3.4. In the waveform captured, the rising edges sharper than its falling
edge and the duty cycle is approximately 50%. The reason vadtge doesn't drop down
to zero may due to the seris ON-resistance of the device. A conapison between the
ideal class-E waveform is made in Table 3.1. The maximum voltge is smaller and the

output voltage is less then the theoretical results. This ma due to the parasitics in the
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Figure 3.3: Drain voltage probing of the class-E PA: (a) the cicuit layout of the PA,
(b) measurement setup.

Figure 3.4: Wavefrom at the drain of the device

circuit for measurement(parasitics in the resistor, etc.) so, the device is operating in

close to class-E mode. A comparison of the PA behavior with andvithout the probing
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resistor is compared in Table 3.2.

H Vimax ‘ Vbc ‘ Vout
meas. || 12.01 | 4.05| 2.88
ideal || 14.42| 4.05| 5.87

Table 3.1: Comparison of measurement and ideal drain voltage

| Pout (dBm) | Vps (V) [ Ips (MA) | b (%)
with 1, 1918  4.05 39.1| 523
norp 19.56 4.05 34.1 65.4

Table 3.2: Comparison of PA behavior with and without the probing resistor. ry, is the
probing resistor.

3.2 Measurement setup and results for output power control

Measurement setup for the class-E PA applied in output power ontrol is shown

in Fig. 3.5. Output power of the PA is sensed through a 20-dB copled line coupler and

Figure 3.5: The measurement diagram for output power contrd

a single diode detector following the output PA matching circuit. The insertion loss of
the coupler is less than 0.5dB, with connectors contributirg about 0.2dB in addition.

An Agilent HSCH-5332 Schottky diode is used for the detector. Input matbing is
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provided by a single stub, and at the output the 10-GHz signal & Itered to obtain the
signal Vsense. In the feedback loop, this signal is compared with a referece V,ef , Which
serves as the power command signal. The loop is closed throaghe DC-DC converter
(designed by Vahid Yousefzadeh [30]) that adjusts the drainbias to the PA such that
the measured output power signal matches the command powelignal. The values for
Viet are based on the characterization of coupler and detector athe output of the PA.
The e ciency of the high-e ciency Buck DC-DC converter is abou t 96% e cient

and is shown in Fig. 3.6. The e ciency of the PA with the closed-loop power control

Figure 3.6: Measured e ciency of the DC-DC converter as a fundion of the output
voltage Vps for the PA as the load.

and with constant input power of 12dBm is measured and is show in Fig. 3.7 over the
output power range of 15dBm to 20dBm. The gate bias voltage ikept at -1V. Several
curves are compared in Fig. 3.7. The curve with the lowest ov&ll e ciency is measured
for constant drain bias while the output power is varied. The highest e ciency curve,
with an average drain e ciency of 62.3% is measured for the PAalone where the drain
bias is varied manually. The solid line with an average e ciency of 60.4% is obtained
with the entire closed-loop circuit from Fig. 3.5 and the lossdue to the connectors
and coupler calibrated out. The dotted curve shows the sliglly lower measured total

e ciency that includes the connector loss, which can easilybe eliminated by fabricating
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Figure 3.7: Measured e ciency for the PA with constant drain bias (dash-dot line), the

PA with manual drain bias control (dashed line), the entire closed loop system when
the connector loss and coupler loss is calibrated out (solidine), and the uncalibrated

closed loop system (dotted line).

the PA and coupler/detector circuit on the same substrate. The average e ciency is

calculated from measured data as an unweighted average, aradsummary is as follows:

pa =62:3
loop =604
loop;connectors ~ — 50:7

constantvds = 41:5

where pp is the drain e ciency of the class-E power ampli er at optimal bias and con-
stant input power, |q0p iS the e ciency of the entire closed loop for the same conditons,
loop;connectors 1S the measured e ciency that includes the coupler and connetor losses,
and constantvds IS the e ciency of the PA for constant drain bias and varying i nput
power. The conclusion presented in Fig. 3.7 is that the averge e ciency is increased
by a factor of 1.46 when e cient dynamic biasing is used in the feedback loop of an
e cient PA, assuming a uniform power probability distribut ion. The e ect would be
more dramatic for a low-e ciency PA and for signals which have more occurrences of

lower power levels. For any other probability density function of power distribution, the
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corresponding improvement can be calculated from the curve in Fig. 3.7.

3.3 Dynamic biasing applied to PA with DHBT and PHEMT

devices

Using same procedure, class-E PAs are designed using InP DHBffom Northrop-
Grumman Space TechnologfyNGST) and GaAs PHEMT from Raytheor{27]. These two
PAs are designed by Srdjan Pajc and their details can be foumd in [27]. The e ciency
improvement through dynamic biasing for the PAs are calculded from related mea-

surements(not considering loss in the surrounding circuity). Fig. 3.8 shows the results

(@) (b)

Figure 3.8: The calculated e ciency of the PA made with DHBT a nd PHEMT under
power control through dynamic bias: (a)DHBT; (b)PHEMT.

for the two ampli er under dynamic biasing for output power control. The average
e ciency under uniform distribution assumption for DHBT is 41.3% with constant col-
lector bias voltage and 70.0% with dyanamic biasing; for PHBMT is the values are

49.3% and 67.8%.

34 Conclusion

This chapter presents a 10-GHz MESFET, DHBT and PHEMT class-E power

ampli er with a dynamic drain bias control that allows e cie nt operation over a range of
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output power levels. Drain e ciency of the MESFET PA, when av eraged over the output
power range, is increased from 41.5% to 60%, including the $3es in the adaptive DC-
DC converter. The MESFET PA includes a coupler/detector self-assessment circuit at
the output port, and is pre-characterized to provide a referance voltage function for bias
optimization. It is relevant to compare the heat dissipation for the PA with and without
dynamic bias control. For a uniform probability distributi on function of the output
power in the given range, the constant-drain bias PA dissipaés on average 88mW,
while the dynamically-biased PA dissipates 45 mW, or around afactor of 2 less. This
work demonstrates one possible optimization process usingynamic biasing, namely
maintaining high e ciency over a range of output powers. Clearly, for applications
that require very high linearity (e.g., CDMA), this highly ¢ ompressed PA mode is not
suitable. The method however is quite general, and other poer ampli er improvements
are gate bias control for temperature stabilization, bias ontrol for increasing average

e ciency for input signals with varying envelopes, and bias control for linearity.



Chapter 4

Linearity of Class-E Power Ampli ers in EER Operation

High-e ciency class-E power ampli ers can accomplish ultra-high e ciencies by
driving the transistor as a switch [12, 31]. Since the transstor is driven into deep satu-
ration, these ampli ers exhibit high nonlinearities and are not useful for some types of
signal modulations [22]. For multifunctional systems whee power is the prime resource,
a high-e ciency transmitter with linearity that adapts to th e input signal type has the
potential of signi cant power savings over time. This chapter presents systematic non-
linearity characterization of X-band class-E PAs, with the goal of using adaptive fast

and slow bias control for improving linearity, as will be discussed next chapter.

4.1 EER and lineartity of class-E PA in EER mode

Dynamic biasing can be used for e ciency improvement as show in the previous
chapter, but also for linearization of highly saturated e ¢ ient PA, such as in the Enve-
lope Elimination and Restoration (EER) technique. EER technique was rst brought
up by Kahn [20] in 1952. In EER technique, the input signal is daracterized as simul-
taneous amplitude and phase modulated signal and the signak separated into phase
modulated signal and low frequency amplitude modulated sigal. The drive contains
only phase information with a constant amplitude, while the amplitude information is
provided through the bias, thus restoring the envelope infomation at the output. A

block diagram of the EER concept is shown in Fig. 4.1.
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Figure 4.1: Schematic of EER operation concept. The input ginal is separated into two
branches. Amplitude of the input signal is extracted and amgdi ed by low-frequency
linear ampli er and used for biasing the PA. The phase-modulded constant-amplitude
signal directly go through the PA. At the output the two signa | recombine and original
signal is ampli ed.

A number of authors have demonstrated EER transmitters at lower frequencies,
e.g., an EER transmitter for HF/VHF is demonstrated in [21] w here a class-D PA at
3:5 MHz with a class-S modulator is used. The system e ciency is dout 60% and a two-
tone IMD3 (3rd order intermodulation distortion) of better than 40dBc is achieved
with the envelope detector as a major source of nonlinearity In [32], the e ect of
envelope modulator bandwidth and time delay between the englope and phase signal
on the linearity is studied theoretically. An attempt to lim it the feedthrough, another
cause of nonlinearity, by modulating the input signal drive improves both e ciency and
linearity, is shown in [33], while [34] theoretically analyzes the e ect of load network
and RF choke on the linearity.

Limited work has been done in EER at microwave frequencies. & example, in
[22] the e ciency and linearity behavior of a 8.4-GHz class-F PA is studied for both
general linear mode (with constant biasing) and EER mode, fo di erent manually
controlled drain bias schemes. An IMD3 ratio of 27 dBc with a time-average e ciency
for a multi-carrier signal with 10-dB peak-to-average ratio of 44% is obtained for a
modi ed EER mode. This is a factor of 4.4 improvement over a 10% e cient backed-o

class-A PA with the same IMD3 ratio, using the same device.
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The class-E switched mode ampli er naturally lends itself to EER, as shown in
Eq. (2.36) the output voltage is linearly proportional to th e drain bias. This in turn
means that control of the drain bias according to the envelog of the input signal
accomplishes envelope ampli cation.

For operation in EER mode, the linearity of the class-E PA is characterized by
considering the drain bias as the input signal amplitude. Inthis context, the AM-AM
conversion is measured as the increase in output voltage whehe drain bias is increased
linearly and measured AM-AM and AM-PM characteristics are shavn in Fig. 4.2 for
high (14:2dBm) and low (1:1 dBm) input power level. When the drain bias is 5V, the
small-signal gain of the PA in general linear mode is about 9dBat an input power
of 1:1dBm, and saturates at 65dB for the high input power of 14:2dBm. For high
input power, the PA output voltage varies linearly with drai n bias (solid line) and when
the input power is reduced, the PA AM-AM characteristics are no longer linear, since
class-E PAs are designed to operate with high input power. Ths is consistent with the
approach shown in Fig. 4.1 where the level of the input signato the PA is kept at a
constant high level. Another feature in Fig. 4.2 is existene of an output voltage with
zero drain bias, referred to as feedthrough, which introdues distortion in signals that
have envelope zero crossings. For AM-PM conversion, the relige phase between input
and output signals of the PA is measured for a linearly increaing drain bias. The class-
E PA shows considerable AM-PM conversion for low levels of dra bias, introducing

again distortion for signals with envelope zero-crossings.

4.2 Two-tone measurement of class-E PA in EER mode

Another important measure of linearity, the intermodulati on distortion, is usually
measured using a two-tone test [35]. Two signals with same anlifude and certain
frequency o set (f1;f,) are sent through the PA and at the output harmonic regrowth

is examined as an indication of nonlinearity. The third and fth order intermodulation
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Figure 4.2: Measured AM-AM and AM-PM characteristics of the class-E PA with the
amplitude modulation through the drain bias. The solid line is the result for a low
(1:1dBm) input signal, while the dashed line corresponds to a lgh input power level of
14:2 dBm when the output power is the maximum 206 dBm.
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products, which are at frequencies 2, f,, 2f, f,and 3, 2f,, 3f, 2f,, are of
most interest and they are referred as upper and lower side I and IM5, and their
o set from the fundamental two tones are noted by upper and lover side IMD3 and
IMD5. Here presents two types of two-tone measurements for &quency spacing of
1MHz: standard measurement for PA at a constant drain bias of4:2V with two-tone

test signals at 99995 and 100005 GHz, and a two-tone test for the PA in EER mode.

4.2.1 Two-tone measurement

The way two-tone test is carried out in EER operation needs som explanation.

In a two-tone test (f, > f 1), the input signal is

v(t) = Acos(2f 1t) + A cos(2f ,t)

fi+

; (4.1)
> 2t) cos(2

fo f1
2 v

The signal can be written in following form as both AM and PM modulated signal,

=2Acos(2

f2 flt) cos 2 fat+f2

v(t)=2A cos(2 t+ (t)

2A cos(2 %"t) cos[2f ct+ (t)] (4.2)

A(t)vewm (1)

wheref ¢ is the center frequencyf , is the spacing between the two tones and are 10 GHz
and 1 MHz respectively. In the context of modulation, f. is the carrier frequency and
fm is the modulation frequency. A(t) is the amplitude modulation signal which is a
recti ed sinusoidal with frequency of f, and (t) alternates from 0 to  at half the
frequency. Referring to the EER schematic in Fig 4.1,A(t) modulates the drain bias of

the PA and the phase modulated signalvpy (t) is the input to the PA.

4.2.2 EER two-tone measurement setup

Fig. 4.3 demonstrates a full implementation of an X-band EER transmitter. Ef-

cient wide-band envelope tracking is designed by Vahid Yougfzadeh [36, 19], which
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Figure 4.3: Block diagram of the EER system with FPGA bias corirol. The RF PAis a

class-E 10-GHz MESFET ampli er. The envelope signal is split nto a DC component
which controls the DC-DC synchronous Buck converter and an ACcomponent which
provides envelope AC variations. The phase of the signal prades control of the phase
of the carrier input to the PA through a X-band digitally-contr olled phase shifter.

is required in the EER scheme, is achieved through a combin&in of a switched-mode
power converter and a linear class-AB ampli er (OPA357A). Similar combined switch-
ing/linear ampli ers have been reported for audio applications [37] and for EER trans-
mitters [38, 39]. The digital PA system controller is constructed using a Xilinx Virtex-II
V2MB1000 FPGA. The system controller allows the exibility of generating arbitrary
look-up table based periodic envelope and phase waveformsrftesting the PA. In this
test setup we have not considered generation of arbitrary amplex modulation signals.
The DC portion of the envelope signal is provided through an ecient synchronous Buck
DC-DC switching converter. Referring to the measurement setip in Fig 4.3, A(t) and
(t) are controlled by the envelope command signak, and the phase command signal
ep. A(t) becomes the drain bias voltage Vps (t), which is shown in Fig. 4.4 along with

the phase control signal of the input RF signal for two-tone cae. When the relative
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time delay between those two signals changes betweent =0 and t =1=2fp,), the
alignment of the waveforms in time domain changes from synatonous to asynchronous.
We refer to these conditions as \in phase" and \out of phase", respectively. In the
experiments presented heref . = 10 GHz and f,, = 1 MHz. The power switches Q1 and
Q3 in the DC-DC converter are controlled by the complementary gde-drive signals g;
and gy generated by the FPGA controller [30]. The duty cycle of Q; adjusts the DC
value of the envelope signal. The AC portionEac of the envelope signal is generated
by the FPGA through the THS5661 12-bit 100 MSPS D/A converter. The AC portion
is then bu ered and ampli ed by a wide-band class-AB ampli er, constructed around
the OPA357 op-amp. The DC and AC signals are coupled through tle inductor L, and
capacitor C3 to obtain the supply voltage Vps (1) for the class-E PA. The phase of the
RF input signal for the PA is controlled by a TriQuint TGP6336 -EEU 5-bit X-band
digitally-controlled phase shifter. The phase shifter has aound 9 dB loss, requiring a

pre-ampli er at the input (not shown for clarity).

Figure 4.4: Generated drain bias and phase of the input RF sigal for two-tone test of
the PA in EER mode. t is the time delay between the two signal.
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4.2.3 Two-tone characterization of PA in general linear mode

We present two types of two-tone measurements for frequencypsicing of 1 MHz:
the standard measurement for a PA at a constant drain bias of £ V with two-tone test
signals at 99995 and 100005 GHz, and a two-tone test for the PA in EER mode. The
measurements are compared to nonlinear harmonic-balance Algnt ADS simulations
with a TOM (TriQuint's Own Model) nonlinear model [40] for th e MESFET (provided
by the manufacturer). Fig. 4.5 shows the level of intermodution product vs. input
power at a drain bias of 42V. As expected, the class-E PA has poor linearity: at
an input power of 14 dBm, the IMD3 is around 10dBc, while the IMD5 ( fth order
intermodulation product) is about 25dBc. The gure also shows an asymmetry in
the upper and lower intermodulation sideband, commonly obsrved in RF PAs and

attributed to memory e ects [35], which will be discussed mae in Chapter 5.

Figure 4.5: Measured and simulated two-tone test of the clasg PA. IMD3 and IMD5
as a function of input power. The \upper and lower side" labels refer to the sidebands
produced by the two-tone test.

424 Two-tone characterization of class-E PA in EER mode

Fig. 4.7 shows the measured bias dependence of the fundamahfrequency output

voltage, as well as the voltage of the third and fth intermod ulation products for a phase-
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modulated signal, which is given previously asvpy (t) = cos[2f st + (t)]. All three
voltages are approximately linearly dependent on the drainbias. This indicates that
the EER mode of operation can linearize the PA to some extent.

Fig. 4.6 shows normalized output spectrum of EER two-tone tet The input
signal power is 131Bm. The upper and lower side IMD3 are -25.4dBc, -20.7 dBc;
upper and lower side IMD5 are -27.0dBc and -25.4dBc. The spurigs signals in the
spectrum, which are also present in the spectrum of phase madiated signal vpy (1),

may be due to the transition of the phase between zero and.

Figure 4.6: The normalized spectrum of the output signal fran EER two-tone test. The
values are normalized to the power of the fundamental two toes.

Fig. 4.8 shows the measured power of the fundamental and ther@ and 5th
intermodulation products as a function of input power to the PA, for t =0 (in phase)
and t = 1=[2(f, f,)] (out of phase), respectively. The two sets of curves (sadi
and dashed lines) correspond to the upper and lower sidebaisd As expected, the in-
phase case shows a slower increase in intermodulation produpower as the input power
increases. The IMD3 and IMD5 for t =0 (in phase) and t = 1=(2f,) (out of phase)

are presented in Fig. 4.9 (a) and (b), respectively, and sumrarized as follows:

For the in-phase case the measured IMD3 and IMD5 are 20dBc and 25 dBc,

respectively, where ideally no intermodulation products $ould be present.
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For the out-of-phase case the measured IMD3 and IMD5 are 3dBcand 11dBc,
respectively. The calculated theoretical results (ideal tass-E) for are IMD3 of
0dBc and IMD5 of 9:5dBc. The reason for the di erence is attributed to

nonlinearity caused by AM-PM, feedthrough and memory e ects.

Harmonic balance simulations of the IMD levels agree well wh the measure-

ments.

For the in-phase case, with input power increase the IMD leveldecreases due
to the dynamic biasing. This can also be understood by obseimg the results

in Fig. 4.2.

Figure 4.7: Measured intermodulation product level as a fuwtion of drain bias, for
a phase-modulated input signal. The output voltage is calcudted from the measured
power across a 50- load.

4.3 Frequency Response of PA in EER Mode

The results discussed so far are for single-frequency or nawband operation.
It is of interest to examine the behavior of the class-E EER mo@ over a range of
frequencies around the class-E design frequency. The AM-AM othe class-E PA in

EER mode, that is output voltage vs. the drain bias, is measued from 8 to 12 GHz.
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Figure 4.8: Measured power of the fundamental and the 3rd andbth intermodulation
products as a function of input power to the PA: (@) t = 0 (in phase) (b) t =
1=[2(f, f1)] (out of phase). The three sets of curves correspond to the pper and
lower sidebands and simulation results.

Figure 4.9: Measured power of the fundamental and the 3rd andbth intermodulation
products as a function of input power to the PA: (a) t = 0 (in phase) (b) t =
1=[2(f, f;)] (out of phase). The three sets of curves correspond to the pper and
lower sidebands and simulation results.

Fig. 4.10 shows the output voltage vs. drain bias for ve di erent frequencies. When
the frequency deviates from 10 GHz, the PA class of operatiorchanges, resulting in
degraded linearity. Typical class-E mode bandwidth is on theorder of 10% (e.g., [31])
and is limited by the output matching network that provides h armonic termination and
the optimal fundamental load for high e ciency operation. F ig. 4.11(a) and 4.11(b)
show the frequency dependance of the quantitwoutz(vdzszzzo), which represents the

ratio of the RF output power to the bias voltage across a 50- load and drain e ciency.
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Figure 4.10: Measured output voltage (50- load) as a function of drain bias (AM-AM)
for di erent frequencies around the 10 GHz design frequency

Figure 4.11: Frequency dependence of (a) the quantityPoyt :(VdZS:ZZO), which represent
the ratio of the RF output power to the bias voltage across 50- load. (b) drain e ency
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In this way, a 1-dB bandwidth for EER mode can be de ned and is mesured to be
around 24% (81 to 10:5GHz) and the 10% drain e ciency bandwidth is 15% (8:9 to

10:4 GHz).

4.4 Comparison between DHBT and PHEMT

Dr. Srdjan Pajic [27] designed a class-E power ampli er usingan InAIAs/InGaAs
DHBT transistor from Northrop Grumman Space Technologiesand a AlGaAs/InGaAs/GaAs
HEMT provided by Raytheon They have similar dimensions and bias conditions. De-
sign details and characterization of each PA are also showmi[27]. Here characteriza-
tions of these two PAs while operating in EER are shown to comjete the comparison.
The optimal operation conditions for the DHBT are collector bias of 4.35V, base bias
of 0.35V and input power of 11dBm. For the PHEMT a drain bias of 5.4V, gate bias
of -0.75V and input power of 18 dBm are set. Fig. 4.12 shows the W-AM and AM-PM
behavior for the two devices. It is noticed that the ratio between output voltage and
drain bias is higher for the PHEMT. This is partially due to a | arger value of the output
capacitor. The equivalent output capacitances of the DHBT and PHEMT are 0.19 pF
and 0.25 pF respectively. According to Eq. 2.36 the gain is innverse relationship with
the real part of the optimal impedance R1, and R is in inverse relationship with out-

put capacitance as in Eq. (2.30) and Eq. (2.14). The relatioships are listed below for

reference:
50 4
Vout = RflpﬁVDc
Rol l
R, = =0:1836
YT 1 Cs o Cs

The bandwidth properties of the two PAs are shown in Fig. 4.13 In Fig. 4.13,
Geer is the conversion ratio between the drain bias voltage and oput signal amplitude.
In terms of power, Gegr can be expressed aGgegr = Pout:(VdZS:ZZo) with Z, =50 .

Maximum phase shift due to AM-PM conversion, feedthrough votage, Gegr and its
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(@) (b)

Figure 4.12: AM-AM and AM-PM for class-E PA designed using HBT and PHEMT
device. (a) HBT. (b) PHEMT

(@) (b)

Figure 4.13: Bandwidth property of drain e ciency, PAE and Gggr Of the class-E PA
designed using HBT and PHEM devices. (a) HBT. (b) PHEMT.

respective 1-dB bandwidth, drain e ciency and its respective 10 bandwidth of the
class-E PA using three di erent devices are summerized in Take 4.1. The MESFET
based class-E PA manifests maximum bandwidth and small feedirough voltage; the
DHBT PA has the maximum AM-PM conversion and the PHEMT PA has th e maximum

e ciency, G ger and feedthrough voltage.
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PhaseShift | Feedthrough | Gger (dB) p (%)
(degree) =BW(GHz) | =BW(GHz)
MESFET 54:2 0:35 2:7=2:4 61:2=1:5
DHBT 90:0 0:35 2:2=0:3 62:1=0:4
PHEMT 612 0:51 0:1-0:5 65.0=0:5

Table 4.1: Maximum phase shift in AM-PM conversion, feedthraugh voltage, Gegr and
its respective 1-dB bandwidth, drain e ciency and its respective 10 % bandwidth of the
class-E PA using MESFET, DHBT and PHEMT devices.

4.5 Intermodulation products vs. input power

It is well known that the power of the third order intermodula tion product, IM3,
for a linear PA has an approximate slope of 3:1 and the fth order intermodulation
product,IM5, has a slope of 5:1(on dB scale) when plotted vsinput power. Since the
AM-AM property of the class-E PA shown in Fig. 4.2 follows similar trend to that of
linear PAs, except for the considerable amount of feedthrogh and much lower gain,
it will be interesting to nd out how intermodulation produc ts (IM3, IM5) for class-E
(in EER mode) vary as input power increases, assuming the saemAM-AM conversion
characteristic as in a linear PA. By expanding the output voltage in terms of input

voltage up to the third order power series gives
Vout = @1Vin + axva + agvd, (4.3)
For a single tone input, A sin(! ot), the output signal amplitude veuts iS given as
Vouts = atAsin(! ot) (4.4)

which is true for EER operation also. For a linear PA with a two-tone input ! 1;! », the

third-order intermodulation product Voutim 3 is [41]
3 3
Voutim 3 = 8A cos((2 1 !2)t) (4.5)

SinceVvoyutim 3 IS proportional to the cube of the input signal amplitude, IM 3 vs. input

power (in db) has a slope of 3:1, while the fundamental signahas a slope of 1:1. When
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expanded the output voltage to 5th order, the IM5 will appear in the output with
amplitude [41]

5
Voutim 3 = §a5A5 cos((@ 1 2o)t) (4.6)

So, the power of IM5 has a slope of 5:1 when plotted as a functioof input power on a
logarithmic scale.

In EER mode of operation, the input signal is separated into pghase-modulated
and amplitude-modulated signals. For a two-tone test, the input signal amplitude is a
full-wave recti ed sinusoid and its expression isvi, =2A cos(2 %"t) . Substitute into
Eq. (4.3), vour is amplitude-modulating signal for the (0, ) phase-modulated signal at

the output. The output signal is written as

Voureer = (@12Ajcos( mt)j + a2(2Aj cosl mt)j)? + a3(2A] cosl mt)j)*)cos( ct + (1))
4.7)

where,

JAVAe o)
[EEN

"'m
()= 7t < (2k+1)

Y

I
0 (k+1) %t< 2(k +1)
and k =0;1;::.

The Fourier series are calculated in Mathematica and the amfitude of the third-

order and fth-order intermodulation products are (the last term in each is neglected)

16

VoutEERIM 3 = FazAz + agA3 (4.8a)
16

VoutEER;IM 5 = ﬁazAz (4.8b)

In the power series, terms witha, dominates and IM3 and IM5 vs. input power both
has a slope of 2:1, which is slower compared with linear PA cas In above calculations
the e ect of AM/PM is neglected, which is more serious in EER mode as the device is
saturated.

The e ects of AM-PM and feedthrough is not negligible in the class-E PA used.

The class-E PA's AM-AM and AM-PM properties (PA used in Chapter 5, Fig. 5.4)
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are polynomial approximated. The approximation is then usal to calculated the IM
products vs. input power. The polynomial approximations of the AM-AM and AM-PM

of the PA are:

Aam (Vgs) = 0:3316 + 0:6425/45 + 0:026%/3,  0:0063/5, (4.9a)

pm (Vas) = 5314+ 73:17vgs 50583 + 18:00v3; 3:10v4, +0:21v3,  (4.9b)

The approximation almost exactly overlap with the AM-AM and A M-PM curve when
Vgs < 5V. For recti ed sinusoidal waveform whose maximum value less than 5V, the

calculated IMD3 and IMD5 are plotted in Fig. 4.14. Due to the e ects of the feedthrough

Figure 4.14: Intermodulation products, IMD3 and IMD5, vs. input power calculated
from AM-AM and AM-PM polynomial approximation

and AM-PM, the 2:1 curve is not obtained. The IMDs actually uc tuates with the input
power. This may due to the fact that as input power increase, hat is as the recti ed
sinusoidal signal increase, the e ect of feedthrough will @crease, but the e ect of phase

distortion, gain attening will increase.

4.6 Conclusion

In summary, this chapter presents linearity characterizaton of highly-saturated
high-e ciency class-E X-band PAs operating in EER technique. It is shown both exper-

imentally and in simulations that the EER mode with dynamic b iasing of the PA can
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improve linearity signi cantly. Harmonic balance simulat ions are shown to be useful for
design that includes linearity considerations. The resuls in this chapter demonstrate
the possibility of more generally adaptive PAs. Any input signal can be presented in
baseband in polar instead of 1/Q form, allowing nonlinear PAs to be used when lin-
earity is a requirement. In addition, the FPGA in Fig. 4.3 can be used for basedband

predistortion, which is the topic of next chapter.



Chapter 5

Baseband Predistortion of Class-E PA in EER Mode

Two-tone testing of class-E PA in EER mode from previous chapte showed that
the requirement of an IMD level of -30dBc was not met. Linearity can be improved
without sacri cing too much e ciency by employing a lineari zation technique. The
three main types of linearization techniques are feedforwal, feedback and predistor-
tion. In Table 5.1 these three linearization techniques arecompared [1]. In the feed-
forward technique, a delayed sample of the input signal is ampared with correctly
attenuated sample of the output signal. The signal di erence is ampli ed appropriately
and subtracted from the output signal. The feedforward techique has good linearity,
bandwidth and stability, but poor e ciency and complex circ uitry [41]. In the feedback
technique, the envelopes of the input and output signals ar&eompared and the gain of
the ampli er is adjusted to minimize the di erence [41]. Tab le 5.1 shows that predistor-
tion is the optimal choice considering e ciency and size. It o ers medium performance
for nonlinearity cancellation and bandwidth. With increasing capabilities of DSP tech-
nology, baseband digital predistortion becomes increasgly common. In this chapter,
lookup table (LUT) based digital baseband predistortion is used for the linearization of

a X-band class-E PA in EER operation.
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technique cancellation band- PAE size
performance width

feedback good | narrow | medium | medium

feedforward good wide low large

predistortion medium | medium high small

Table 5.1: Relative comparsion of the linearization perfomance of feedback, feedforward
and predistortion techniques [1].

51 Digital baseband predistortion of class-E PA in EER mode

The basic idea of predistortion can be explained as followsthe input signal is
distorted in a complimentary manner to the PA distortion cha racteristics before being
ampli ed by the PA. The distortion introduced by the PA cance Is with the distortion
from predistorter and the original signal is linearly ampli ed. The circuit providing
the complementary distortion is called a predistorter. Fig. 5.1(a) shows the concept of
predistortion, with the predistorter in front of the PA. The relationship between the

transfer functions of the predistorter and PA is

Vout = F G(Vin) = A Vi

whereA is the desired gain of the PA. Fig. 5.1(b) shows the relationkip between transfer
functions of the PA, predistorter and total system more intuitively. When the signal
is predistored before being modulated or upconverted, the pedistortion technique is
called baseband predistortion. Baseband predistortion isnostly carried out with digital
circuits since it is at a lower frequency. The cancellation eect of the nonlinearity
can be improved further by tracking the PA changes and updatihg the predistorter
based on output signal sensed by the feedback loop. Succasddinearity improvements
through baseband digital predistortion for various wireless modulation schemes have
been shown by a number of references. Faulkner et al. [42] u$dookup table (LUT)
based adaptive predistorter to correct for the amplitude ard phase of a class-C PA

operating at 900 MHz and obtain 30dB reduction in IMD3. Kim et al. [43] used LUT
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based baseband predistortion with adaptive feedback loopmproved out-of-band spectra
by 15dB for a LDMOS PA opearating at 880 MHz with CDMA2000 modulated signal
as the input. Several aspects of predistortion, such as LUT ridexing [44], memory
e ects correction [45] and other circuit element optimizations [46] attracted considerable

research interest.

(@)

(b)

Figure 5.1: (a) The concept of predistortion. The predistorter distorts the input signal
in a way complementary to the distortion of the PA. (b) An illu stration of the transfer
function of predistorter, PA and nal linearized system.

Published works showed application of digital baseband préistortion for lin-
earization of class-E PAs in EER mode. The AM-PM conversion of aclass-E PA is
serious since the device is saturated. Sowlati et al. [47] ed a phase-correcting feedback
loop to predistort the phase of the input signal and eliminate the AM-PM distortion.
The phase of the output and input signal with certain delay is compared and the phase
error signal is used for control of phase shifter to predistd the phase of the input sig-
nal. The AM-PM is corrected from about 30 degrees to 4 degreest®835 MHz and met
the requirement of the North American Digital Celluar standard. Reynaert et al. [48]
presented a fully integrated CMOS class-E PA at 1.75GHz with mlar predistortion
and met the Class E3 EDGE requirements concerning output powr, EVM and spectral

mask. With linearization, the PA's e ciency is over 40% for t he output power range.
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The e ciency of the whole system is 30%. Wang et al. [49] desiged a silicon bipolar
class-E PA for application in WLAN 802.11g. Operating in EER and with baseband
predistortion as well as adaptive time alignment the PAE of the whole system achieved
PAE of 28 %, which doubled that of the class AB ampli er.

The block diagram of baseband LUT based polar predistortionfor EER used in
this chapter is shown in Fig. 5.2. The LUT is uniformly indexed by the input signal
amplitude. LUT is constructed based on the AM-AM and AM-PM of th e PA and is
the predistorter. The feedback loop for adaptively updating the LUT is shown but not

used in this work.

Figure 5.2: Schematic of polar baseband predistortion in ER technique.

5.2 Experimental results

The schematic of the setup is the same as shown in Fig. 4.1 in thprevious chap-
ter. In the measurement LUT is programmed on a FPGA chip. The phase shifter is

an analog phase shifter HMC538LP4 fromHittite Microwave Corporation with modu-
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lation bandwidth of 50 MHz. The phase shifter is characterizd in Fig. 5.3 showing the
dependence of relative phase shift on the control voltage, kich is approximately linear.
Phase shift of 180 degrees can be obtained with voltage di @nce of 1V and insertion
loss variation within 1 dB. The predistortions are tested at frequency spacing of 20 kHz,
200kHz, 625kHz and 1 MHz. The size of the LUT or number of sam@s per period
is determined by the sampling frequency, which is limited bythe D/A converter, and

two-tone spacing.

Figure 5.3: The characterization of the phase shift vs. comnol voltage of phase shifter
HMC538LP4 from Hittite Microwave Corporation at 10 GHz.

The LUT is formulated based on the statically measured AM-AM and AM-PM
properties of the PA. Since a slightly di erent PA from that i n Chapter 4 (same device)
is used, the conversion characteristics are shown in Fig. 8. A recti ed sinusoid signal
with a maximum value of 4.5V is chosen for the drain bias of theEER two-tone signal
considering the optimal and maximum bias condition of the PA Based on the AM-
AM and AM-PM properties of the PA and setting the desired ratio between the output
voltage and drain bias to be 0.7, the required original (non-pedistored) and predistorted
drain bias and phase shifter control voltages are shown in K. 5.5. In the calculation

of the phase shifter control voltage, the phase shifter corersion characteristic shown in
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Figure 5.4: The AM-AM and AM-PM conversion characteristic of the PA

Fig. 5.3 is taken into account. Feedthrough, existance of otput power when drain is

(@) (b)

Figure 5.5. Original and desired predistorted drain bias aml phase control voltage.
One period isT = 2=f,, where f, is the frequency spacing of the two tones. The
predistortion is designed for voltage gain (ratio of output voltage and drain bias) of 0.7.

biased at zero V, cannot be corrected by predistortion alone When the output voltage
needs to be corrected to a value less than the feedthrough walge (0.36V based on
Fig. 5.4) , the drain bias is set to 0V. So, the waveform of the pedistorted drain bias

is at and equals to zero for small portions of the period.
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5.2.1 Predistortion at two-tone frequency spacing of 20kHz

For a two-tone frequency spacing of 20kHz, each period of theecti ed sinusoid
has 623 samples. The measured drain voltage and phase shifteontrol voltage are

shown in Fig. 5.6 for both the original and predistorted case The spectra with and

(@) (b)

Figure 5.6: Original and desired predistorted drain bias am phase control voltages for
EER two-tone spacing of 20 kHz. (a) Original drain bias and phae shifter control signal.
The maximum value of drain bias is 4.5V. (b) Predistorted drain bias and phase shifter

control signal.

without predistortion are shown in Fig. 5.7. The IMD3 is impr oved by over 10dB from

@ (b)

Figure 5.7: Spectrum of (a) original and (b) predistorted EER two-tone test. The
two-tone spacing is 20 kHz.

-22.5dBc to -33.2dBc and met the requirement of IMD3 level of -3@Bc. The IMD5 is

improved from -31.6 dBc to -38.8 dBc.
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5.2.2 Predistortion at two-tone frequency spacing of 200kHz

At two-tone spacing of 200 kHz, 124 samples are used in each ped of the recti ed

sinusoid. The original and predistorted spectra are shownn Fig. 5.8.

(@) (b)

Figure 5.8: Spectrum of (a) original and (b) predistorted EER two-tone test. The
two-tone spacing is 200 KHz.

Asymmetry exists in both the original spectrum and the predistorted spectrum.
Predistortion improved the linearity but the IMDs levels ar e over -30dBc. The IMD

values and improvements are listed in Table 5.2.

5.2.3 Predistortion at two-tone frequency spacing of 625kHz

At two-tone spacing of 625 kHz, the original and predistorted spectra are shown
in Fig. 5.9. There are 40 samples in in each period of the recéd sinusoid.
Asymmetry becomes more serious in the spectrum and IMD impreements also

decrease. The IMD values and improvements are listed in Talg 5.3.

524 Predistortion at two-tone frequency spacing of 1 MHz

At two-tone spacing of 1 MHz, the original and predistorted spectra are shown in
Fig. 5.10. There are 25 samples in each period of recti ed susoid.

Asymmetry becomes more serious in the spectrum. Predistoivon improved the
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| IMD3_ | IMD3y | IMD5. | IMD5y
org. (dBc) 24:30 2361 | 3341 33:64
pred. (dBc) 2885 | 2977 | 41L25| 4732
impr. (dB) 4:55 6:16 7:84 1368

Table 5.2: IMD values in EER two-tone test with frequency spadng of 200 kHz. In the
table, “org.' represents two-tone test with no predistortion; “pred." represents predistor-
tion and “impr.' is the improvement due to predistortion.

H IMD3_ | IMD3y | IMD5| | IMD5
org. (dBc) 24:23 2535 | 3186 40:31
pred. (dBc) 2712 25.82 3912 486
impr. (dB) 2:89 0:47 7:26 8:29

Table 5.3: IMD values in EER two-tone test with frequency spadng of 625kHz. In the
table, “org.' represents two-tone test with no predistortion; “pred.' represents predistor-
tion and “impr.' is the improvement due to predistortion.
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(@) (b)

Figure 5.9: Spectrum of (a) original and (b) predistorted EER two-tone test. The
two-tone spacing is 625 KHz.

(a) (b)

Figure 5.10: Spectrum of (a) original and (b) predistorted EER two-tone test. The
two-tone spacing is 1 MHz.

lower-side IMD but the IMD in the upper side is now worse. The IMD values and

improvements are listed in Table 5.4.

5.25 Discussion

Table 5.5 lists the IMD values for the above measured predigirted EER two-tone
test. The -30dBc is only achieved at frequency spacing of 20 KH As frequency spacing
increases, asymmetry becomes more obvious and improvemedéteriorates.

In Chapter 4, section 4.5 the intermodulation distortion vs. input power is cal-
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| IMD3 | IMD3y | IMD5, | IMD5y

org. (dBc) 22:24 2550 | 3549 45:15
pred. (dBc) 2761 2317 3851 31.98
impr. (dB) 5:37 2:33 3:.02 13.17

Table 5.4: IMD values in EER two-tone test with frequency spadng of 1 MHz. In the
table, “org.' represents two-tone test with no predistortion; “pred.' represents predistor-
tion and “impr.' is the improvement due to predistortion.

HIMD3L IMD3y | IMD5, | IMD5y

20KHz (dBc) 3317 3291 | 3881 372
200 KHz (dBc) 28:85 2977 | 4125 47:32
625 KHz (dBc) 27:12 2582 | 3912 486
1 MHz (dBc) 27:61 2317 3851 31.98

Table 5.5: Lower and upper side IMD3 and IMD5 values in EER twotone test after
predistortion at four di erent two-tone spacing.
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culated based on the AM-AM and AM-PM property measured statically. To compare
with the measurement in EER mode, IMD3 and IMD5 are measured ér varying input
power. In the EER scheme, as discussed before, the drain bias the amplitude of the
input signal. Following this argument, the power of a singletone at the input of the
two-tone measurement is related to the maximum value of the reti ed sinusoidal drain

bias as:

( Vds;max  \2

~2 7 1000

Pin = 10log R

where, V4s:max iS the maximum value of the drain bias voltage.

(@) (b)

© (d)

Figure 5.11: Intermodulation products, IMD3 and IMDS5, vs. input power. Calculated
values from Fig. 4.14 is shown with measured values at four dérent frequencies. (a)
20kHz. (b) 200kHz. (c) 625KHz. (d) 1 MHz.

Fig. 5.11 shows IMD3 and IMD5 vs. input power in the context of EER for

frequency spacings of 20kHz, 200kHz, 625kHz. The calculatevalues based on AM-
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AM and AM-PM from Fig. 4.14 are also shown for comparison. At a fequency spacing
of 20KHz, the measured and calculated value matches within @B. As the frequency
spacing increases, the di erence between the measured andlculated results increases.
Since the calculated values are based on statically measudeAM-AM and AM-PM data,
for two-tone spacing of 20 kHz, the predistortion based on thesame AM-AM and AM-
PM is expected to work the best, which is shown through measwements.

As frequency spacing increases, the number of samples in éaperiod of the
recti ed sinusoid decreases. Simulation based on the TOM mdel of the MESFET
shows that with 30 samples in each period, IM3 can be correcteto be below than
-30dBc. In addition, memory e ect is apparent in the non-predistored spectrum of the
two-tone test. Therefore, it is concluded that the major contribution to the nonideal
nonlinearity correction is due to the memory e ects. To improve the predistortion for
wider tone spacing, memory e ects need to be taken into accout.

Memory e ects in a PA can show up in the form of asymmetry in intermodulation
distortion sidebands and dependence of intermodulation ditortion on tone spacing [50].
Memory e ects cause the AM-AM and AM-PM behavior of the PA to dep end on modu-
lation frequency and limits the amount of correction that pr edistortion can accomplish.
The cause of asymmetry has been studied by many and summeridéy Borges de Car-
valho and Pedro [51]. These mechanisms include biasing nebsk (Bosch and Gatti [52]),
envelope termination (Sevic [53]), out-of-band termination(Aparin and Persico [54]) and
can be included into the biasing matching network [23]. A mahematical treatment re-
sults in a necessary condition for the asymmetry of the IMD sile bands to be reactive
baseband load impedance with the real part of the IMD componats do not override the
imaginary parts of baseband and second harmonic contributn. Speci cally for class-E
operation, Kazimierczuk [34] shows the intermodulation agmmetry may due to the bias
line inductance. Vuolevi et al. [50] proposed envelope lteing and envelope injection

techniques for compensating memory e ects. Draxler et al. 45] was able to correct the
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memory e ect by an iterative technique of successive approination in predistortion.
It is shown that RMS error of a PA for WCDMA in EER operation is ¢ orrected from

3.5% to 2.7 %. Correction of memory e ects will be part of the future research.

53 Load-Pull characterization of class-E PA

The design of a power ampli er is always a compromise betweea ciency, output
power and linearity. To achieve high e ciency while meeting the required linearity,
Sechi [26] points out the sensitivity of the linearity on the impedance, and shows the
importance of choice of load impedance based on compromisestween e ciency and
linearity. Load-pull has been widely used for this purpose. load-pull has also been used
to optimize envelope termination [53].

Here we will compare the load impedance dependence of the sl&E PA in both
general two-tone and EER two-tone excitation. The load-pull system used in this work
is FOCUS Microwavess Computer Controlled Microwave Tuner measurement system
The measurement system diagram is shown in Fig. 5.12. For thé'RL calibration,
the xture at the load side includes a shunt stub providing an open circuit at the
second harmonic frequency. For details, please refer to [R7The load impedance swept
is limited to | j 0:8 due to stability consideration and the region is shown to be
enough for our purpose. For the two-tone load-pull, the majorty of the measurement
is at a frequency spacing of 20 kHz since based on previous nsmement, the in uence
of memory e ects is shown to be small at this frequency. Load-pll measurements
are performed for both general two-tone and EER two-tone testsand the results are

compared.

5.3.1 Single tone load-pull

First load pull is performed at 10 GHz for a single tone (CW) input. The source

impedance is determined by source-pull measurement of the giece. The optimal op-
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Figure 5.12: System setup for computer controlled load-pulineasurement fromFOCUS
Microwaves For each load impedance value swept, the computer takes atheasured data
and computes related parameters. The output xture includes a shunt stub providing
an open at second harmonic frequency.

(a) (b)

Figure 5.13: Single tone load-pull results. (a) Load-pull cotour for output power.
Maximum value is 19.24 dBm at load impedance of 288 + j 2951 . (b) Load-pull
contour for drain e ciency. Maximum value is 72 :4% at load impedance of 269 +

3326 .
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erating point is obtained asZg = 8:15+j27.30 and Z, = 27:66 + 2954 . With
Pin = 11:98dBm, V\ps = 4.5V, Vgs = 1.8V and Ips = 25:4mA, the device gives,
Pout = 19:33dBm, p =72:27% andG = 7:35dB. Z, and Zg are the load and source
impedances seen by the device. The load-pull contours for optit power and drain
e ciency are shown in Fig. 5.13. In all the contour plots shown in this chapter, a cross
and a circle marker are used to indicate the impedance valuesorresponding to the
maximum and minimum value of the parameter plotted.

Theoretical calculated load-pull results for ideal class-E @cuit with Cs = 0:107 pF
at 10 GHz is shown in Fig. 2.4 in Chapter 2. For ideal class-E mod, 100 % drain ef-
ciency is obtained at the impedance value of Zjgea = 27:3 + j31:5 . Single-tone
load-pull measurement shows that load impedanc&  pt = 26:29 + j 33.26 gives maxi-
mum drain e ciency of 72 :4%. The two impedance values are very close. Comparison
of the theoretically calculated contour plots of drain e ci ency and output power with
the measured ones in Fig. 5.13 shows: 1)the shape of the conts for drain e ciency is
somewhat di erent, but both are closed loops and maximum dran e ciency points are
almost the same; 2) For the contour of output power, the measted one and calculated
one are dierent. This is mostly due to the active device maximum ratings. For the
drain e ciency, the 10% o from the maximum drain e ciency al most fell on the circle

of j opt oad] 0:2, which is comparable with the ideal case.

5.3.2 General two-Tone load-pull

The two-tone load-pull is performed at input power of 12 dBm and10 dBm (power
of each tone is 9 and 7 dBm) with frequency spacing of 20 kHz. leguencies of the two
tones are 10 GHz 10kHz. The load-pull contours of output power and drain e cie ncy
for an input power of 12dBm are shown in Fig. 5.14. Fig. 5.15 sbws load-pull contours
of lower side IMD3 and IMD5 products. The load-pull measuremenm results for input

power of 10dBm are shown in Fig. 5.16 for output power and drai e ciency, and
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in Fig. 5.17 for lower side IMD3 and IMD5 contours. The contou plots for output

power and drain e ciency for both cases follow a similar pattern as the single tone
input case. The contour for IMDs for two input power level also has similar trend.
The intermodulation products are nearly symmetrical, so orly the lower side IMDs are

compared.

(a) (b)

Figure 5.14. General two-tone load-pull results for input power 12dBm. (a) Load-
pull contour for output power. Maximum value is 18:5dBm at load impedance of
26:93 + 3153 . (b) Load-pull contour for drain e ciency. Maximum value is 645 %
at load impedance of 2272 + j 31:47 .

The single-tone load-pull of output power and drain e ciency overlapped with
general two-tone lower side IMD3 is shown in Fig. 5.18 and Fig5.19. Looking at the
IMD3 contour, at some region the constant IMD3 level curves @& more dense. For an
input power of 12dBm, an output power drop of 1dB or drain e ci ency drop of 10%
will cause IMD3 to decrease 4dB (Fig. 5.18). Both output powe and drain e ciency
contours are closed loops and the IMD contours much less cued. So it is possible to
have similar output power and drain e ciency, while IMD3 lev els di er signi cantly.
For input power of 10 dBm, the IMD contours are more dense (FIg 5.19). For an output

power drop of 1dB or drain e ciency drop of 10 %, IMD3 could decrease 8 dB.
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(@) (b)

Figure 5.15: General two-tone load-pull results for input pover of 12dBm. (a) Load-pull

contour for lower-side IMD3 (dBc). Minimum value is 25:2dBc at load impedance of

9:25 + )8:26 . (b) Load-pull contour for lower-side IMD5 (dBc). Minimum value is
45:7 dBc at load impedance of 1382 144 .

(a) (b)

Figure 5.16: General two-tone load-pull results for input power of 10dBm. (a) Load-
pull contour for output power. Maximum value is 17:57dBm at load impedance of
20:62 + | 33:32 . (b) Load-pull contour for drain e ciency. Maximum value is 588 %
at load impedance of 2062 + j 33:32 .

5.3.3 EER two-tone load-pull

To measure the load-pull of IMD power level, the drain voltageof the class-E PA

is biased with recti ed sinusoidal signal with frequency of 20 kHz and input signal to
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(@) (b)

Figure 5.17: General two-tone load-pull results for input power of 10dBm. (a) Load-

pull contour for low side IMD3 (dBc). Minimum value is  41:5dBc at load impedance

of 1143 2578, . (b) Load-pull contour for low side IMD5 (dBc). Minimum v alue is
46.0 dBc at load impedance of 263 j57:91 .

(@) (b)

Figure 5.18: Single-tone load-pull contour overlapped with gneral two-tone load-pull
contour at input power of 12 dBm. (a) Single-tone load-pull cortour of output power
and general two-tone load-pull contour of IMD3. (b) Single-tone load-pull contour of
drain e ciency and general two-tone contour of IMD3.

the device is 10 GHz signal with 10 kHz zero-and- phase modulation. The power of the
input constant amplitude, phase-modulated signal is 12 dBm. The maximum value of

the recti ed sinusoid is 4.5V and 5.0V. The load-pull is perfamed and EER two-tone
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(@) (b)

Figure 5.19: Single-tone load-pull contour overlapped with gneral two-tone load-pull
contour at input power of 10dBm. (a) Single-tone load-pull cortour of output power
and general two-tone load-pull contour of IMD3. (b) Single-tone load-pull contour of
drain e ciency and general two-tone contour of IMD3.

load-pull results are obtained.

Fig. 5.20 and Fig. 5.21 show the load-pull contours for low-sid IMD3, IMD5
and output powers for two di erent level of drain biasing recti ed sinusoid. The IMD
contour plots are completely di erent in this case from IMD contours from general two-
tone load-pull. The contour plots for output power for both cases follow similar pattern
as single tone case. The contours for IMDs for two drain biasdvels have similar trend.
It is di cult to say which of the two bias voltage level have be tter linearity. As shown in
the previous section, in EER 2-tone measurement, the IMD vales uctuate with input
power associate with drain bias.

The single-tone load-pull of output power and drain e ciency t ogether with EER
two-tone IMD is shown in Fig. 5.22 and Fig. 5.23 for maximum dran bias voltage of
4.5V and 5.0V. The linearity seems better for a general two-tme input. However, when
the device is saturated more, the IMDs for EER is expected tomprove while for general
case will deteriorate. For design of class-E PA with applicaton in EER technique, the

load should be chosen to minimize IMD under EER case. Examimg Fig. 5.23, an
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@) (b)

(©

Figure 5.20: EER two-tone load-pull contour of intermodulation products. The peak
value of the recti ed sinusoid is 4.5 V. (a) Load-pull contour for low side IMD3. Mini-
mum value is 221 dBc at load impedance of 3#48+81:16 . (b) Load-pull contour for
low side IMD5. Minimum value is 351 dBc at load impedance of 1291+j 3563 . (¢)
Load-pull contour for output power. Maximum value is 17:45 dBc at load impedance of
26:93 +j 31:53 .

output power drop of 1 dB or drain e ciency drop of 10 %, will ca use IMD3 to decrease
by 4dB. In the general two-tone case, it is possible to have siitar output power and
drain e ciency while IMD3 di ers signi cantly.

The impedance values for maximum output power, drain e ciency and intermod-

ulation products during the above mentioned load-pull processes are listed in Table 5.6.
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(@) (b)

(©

Figure 5.21: EER two-tone load-pull contour of intermodulation products. The peak
value of the recti ed sinusoid is 5.0 V. (a) Load-pull contour for low side IMD3. Mini-
mum value is 221 dBc at load impedance of 3#48+81:16 . (b) Load-pull contour for
low side IMD5. Minimum value is 35:1dBc at load impedance of 1201+ j35.63 . (c)
Load-pull contour for output power. Maximum value is 17:45 dBc at load impedance of
26:93 + ) 31:53 .

The impedance which gives maximum output power in all casestay close. In the gen-
eral two-tone test, the impedances which results in minimum MD3 and IMD5 may
seem very di erent for input power levels of 10dBm and 12 dBm. But based on the
their contour plots, it seems if more impedance points are takn, the impedances which
provide minimum IMD3 and IMD5 for the two cases are close to eah other. For two

di erent drain biases, the impedances which give minimum IMDs for EER two-tone
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(@) (b)

Figure 5.22: Single-tone load-pull contour overlapped with EER two-tone load-pull
contour. The peak value of the recti ed sinusoid is 4.5 V. (a) Single-tone load-pull
contour of output power and EER two-tone load-pull contour of IMD3. (b) Single-tone
load-pull contour of drain e ciency and EER two-tone contour o f IMD3.

(a) (b)

Figure 5.23: Single-tone load-pull contour overlapped with gneral two-tone load-pull
contour.The peak value of the recti ed sinusoid is 5.0 V. (a) Single-tone load-pull contour
of output power and EER two-tone load-pull contour of IMD3. (b) Single-tone load-pull
contour of drain e ciency and EER two-tone contour of IMD3.

are not signi cantly di erent. The optimal impedances for | MD are di erent for the
general two-tone test and EER two-tone test. Also, IMD3 and IMD5 contours converge

at di erent impedances.
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EER 2T

1T general 2T general 2T EER 2T

10dBm 12dBm 50V 45V
Poutmax 19:24 1757 1850 17:45 17:.03
(dBm)
Z, 29:88+j2951 | 20:62 +j 3332 | 2693+ j31:53 | 26:93 +j31:53 | 3296 + | 2392
DEff (%) 724 5838 64:5
Z, 26:29 +) 3326 | 20:62 +j 3332 | 2272 + | 31:47
IMD 3nin 415 252 221 221
(dBc)
Z, 11:43 2578 9:52+j8:26 | 3448 +j81:16 | 2248 +j 6202
IMD 5min 46.0 457 351 351
(dBc)
Z, 2263 5791 | 13932 144 | 1291+ 3563 | 11.09 + | 26:10

Table 5.6: The maximum output power, drain e ciency and inte rmodulation products
during the 1-tone and 2-tone load-pull. 1T and 2T stands for 1-tore and 2-tone load-
pull; for general 2-tone load-pull, input power level of 10 and12 dBm is listed; for the
EER 2-tone test maximum drain bias of 5.0 and 4.5 V is listed.

5.34 Discussion

Load-pull measurements show that for the same output power ad e ciency at
single tone, the IMD values can be di erent. For example, atZ, =31:1+)26:7 , EER
IMD3=-13.9 dBc, single tone drain e cinecy is 66.9 % and output power is 19.1 dBm. At
Z_ =39:8+)396 , EER IMD3=-16.6 dBc, drain e cinecy is 66.2 % and output pow er
is 19.0dBm. The performance di erence between these two im@gdance values cannot be
noticed in single-tone meaurement. However, in the EER two-tme test, there is about
3dB di erence in IMD3. So, IMD load-pull is necesary for obtaining output imedance
while best linearizes a class-E PA in EER mode. Two-tone measements for general
two-tone and EER two-tone are also performed at frequency spangs of 640 KHz and
1MHz. The frequency spacing does not a ect much of the impedace values that give

maximum output power, maximum drain e ciency and lowest IMD s.



Chapter 6

Active Antenna Array

It was shown in Chapter 4 that class-E ampli ers can be dynamially biased
in order to obtain output power control, linearity improvem ent, etc. Here we will
discuss the possibility of using class-E ampli ers in an actve array. First, slow dynamic
biasing for side-lobe level control by amplitude tapering isexamined. Next, the e ect
of active scan re ection coe cients (SRC) of the array elements on the class-E PAs
is studied. The possibility of correcting for the e ects of SRC using dynamic biasing
are investigated and certain limitations are shown. This isperformed on an 11-element
half-wavelength uniformly spaced square patch array aroundlO GHz, using measured
PA data and simulated antenna characteristics. The active aray with the PAs, phase
shifters and distributed bias control is shown schematicdly in Fig 6.1.

Due to mutual coupling, the re ection coe cient of each element in the array
is di erent than that of the isolated antennas. As the antenna array beam is steered,
the coupling between the elements, and thus the re ection ce cients at the element
feed ports, change. The matrix of re ection coe cients, [S; ], at the antenna ports for
di erent scan angles are the S-parameters of the antenna arraviewed as a multiport
network. The scan re ection coe cients, i, of elementi when the array is steered to a

certain angle can be calculated as [55]

X .
A’_ (6.1)

i= S A
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Figure 6.1: Schematic diagram of active transmit antenna aray. Each element is driven
by a high-e cient class-E PA. Beam steering is accomplished ttrough phase shifters.

where | also denotes an element in the array. The antenna array elenmés are driven
with complex excitations A; to simulate phase shifters and amplitude control. For the
case of an in nite array, all elements look the same and in theabsence of edge e ects,

all s are the same for a given scan angle.
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6.1 Scan re ection coe cients of antenna array

The nd the SRC, the scattering parameters of the antenna array need to be
determined. Ansoft Designer is used to simulate the patch antenna arrays. First a
single patch is designed for a center frequency of 10 GHz with return loss of 23 dB and
a gain of about 4.8dB on a 20 mil thick substrate with ; = 6. Fig. 6.2 shows the input

re ection coe cient and co-polarized pattern of the single element. The characteristics

Figure 6.2: Simulated characterization of single patch anenna. (a) Input re ection
coe cient of single patch antenna. (b) Directivity pattern .

of the element are included in the array simulation. The reslting array gain is 19dB
and the S-parameters are obtained. Based on Eq. 6.1 the SRCsearalculated for the
11 array elements for 3 scan angles and are shown in Fig. 6.3(aFig. 6.3(b) shows the
SRC of the center element of the array as a function of scan arg, and the re ection
coe cient is seen to vary over a large range, with a best matchat 42 . This is the
case for a 50- input feed line, but a matching network can be inserted to optimize the
match for any angle at the expense of the match at the other anigs. In the presented
case, the output of a class-E PA matched to a 50- load is conneatd directly to the
antenna, and for the purpose of the study the matching was notvaried. However, it
will be shown that an impedance tuner at the output would be bene cial if one could

be made with low insertion loss.
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Figure 6.3: (a) Scan re ection coe cient of each element of an 11-element array for three
scan angles (0, 30 and 60 degrees). (b) Amplitude of the SRC ¢ifie center element vs.
scan angle.

At the fundamental frequency of 10 GHz, the load impedance isvithin a VSWR=2
circle for scan angles up to 60 . In general, when the impedance presented to the out-
put of a highly saturated PA deviates from 50 , instabilitie s, e ciency reduction and
increased voltage or current stress on the device can resulThe e ects of the scanning
impedance on the ideal class-E PA is investigated using the ntkeod described in Chap-
ter 2. In contrast to the case in Chapter 2, the impedance vared here is the impedance
of the load behind the matching network, which is ideally 50 , not the impedance pre-
sented to the transistor drain port. Fig. 6.4 shows the e ects on drain e ciency, power
capability and output power when the load deviates from 50 and is allowed to be any
possible passive impedances. Table 6.1 summarizes the dadation of the ampli er as
the VSWR increases. The normalization value is with respecto the value at 50 .

This e ect is quanti ed experimentally using a coaxial impe dance tuner from
Focus Microwaveswhich can cover a nominal VSWR of 20:1. The setup is shown in
Fig 6.5. The desired impedance is provided by the load side twer of the Focus tuner
system. The impedance is tuned to the SRC calculated for 30 ah60 degrees of scan
angle. Gate and drain bias voltage is swept and output powerbias voltage and currents

are measured and related parameters are calculated.
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Figure 6.4: Load variation for ideal class-E PA. (a) Drain e ¢ iency (%). (b) Power capa-
bility. (c) Normalized output power (W) at fundamental freq uency. The normalization
value is the output power of the PA when the load is 50 .

The results are shown in Fig 6.6, Fig 6.7 and Fig 6.8. The gateias is xed at
-1.4 V. Fig. 6.6 shows the e ect of SRC change for several scanngles on a class-E
PA. Because we have shown that the best match is at 42 degrees,is seen that the
drain e ciency is highest at 30 degrees scan angle and degraat at 0 and 60 degrees
by as much as 15%, depending on the drain bias voltage. The dia bias voltage is
chosen as the horizontal axis because our goal is to show thalynamic biasing of the
drain can help improve active array performance, e.g. redue side-lobe levels. This

is apparent in Fig 6.6(b), where the load current, which is the current through the
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VSWR | p(%) | Pep | Poutnorm (W)
1 100 0.098 1
2 87 100 | 0.06 0.14 05 2
5 55 100 | 0.025 0.15 0.2 5
10 34 100 | 0.015 0.15 0.1 11

Table 6.1: Drain e ciency, power capability and normalized output power at VSWR
circle of 2, 5 and 10.

antenna, will determine the array pattern. Figs. 6.7 and 6.8show the performance of
all 11 PAs in the active array for a 30-degree and a 60-degree stangle, respectively.
Table 6.2 summarizes the results when the drain bias deviatefrom the optimal value
by 10%. Table 6.3 summarizes the maximum and minimum value ofdrain e ciency,
current into the antenna and output power among 9 elements. he elements at the two
ends are not included since their di erence between other ements are relatively large.
Based on simulation, the phase shift introduced by the PA uncer di erent loading is
within 5 degrees for 30 degree of scanning and 8 degrees for @&gree of scanning (not
considering the two elements at two ends). This need to be vaed by measurements
and corrected by control of the phase shifters.

From Fig 6.6(a), at optimal drain bias of 4:2V, the drain e ciency changes over
10% when the array is directed towards 60 degree, which can’be corrected without
sacri cing too much of the output power. The solution to it ma y be a tuner between the
antenna and PA. This can also be explained from the fact that he ouput capacitance

of the device is not dependent on the drain bias, a result show previously. Comparing

0 30 60 50
Vps (V) 38| 42| 46 38| 42| 46 38| 42| 46 4:2
DE (%) 56.05 | 55:12 | 5399 | 60:.09 | 5879 | 57141 | 5245 | 4867 | 44.78 60:5

lout (MA) 60:33 | 65:08 | 6959 | 5563 | 59:66 | 6339 | 4235 | 43.35 | 43.67 | 57:54
Pout (dBm) || 17:09 | 17:75 | 1859 | 1824 | 1885 | 1960 | 1927 | 1947 | 1954 | 1947

Table 6.2: The drain e ciency, input current to the antenna a nd output power from
the center PA for drain bias voltage of 3.6, 4.2 and 4.6 V.
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Figure 6.5: The diagram for measurement of PA with di erent | oad termination. Load-
side tuner is used to provide di erent load impedances.

Figure 6.6: Performance of the PA terminated with load impedances corresponding to
SRC of center element of the 11-element active array at threecan directions. (a) Drain
e ciency. (b) Load current. (c) Output power.

the behavior of the 11 elements at 30 and 60 degree of scanningt 60 degree of scan
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Figure 6.7: Performance of the PA terminated with SRC of 11 etments at 30 degree
scan angle. (a) Drain e ciency. (b) Load current. (c) Output power.

angle, the element behavior di ers by larger amount.

The SRC previously calculated is the impedance when all pod are excited by
standard 50 source. In our case, the antenna elements are ammected with class-E PA.
The impedance each PA sees in this situation is simulated usg ADS. The class-E PA is
modeled using an ideal switch with on resistance of 1 and o resistance of 1M . The
matching network uses two stubs with ideal transmission lires. The SRC measured in
this case is very close to the one calculated previously usinan ideal 50 source under
di erent scan angles. The current owing into each port is compared with the ideal
excitation current, showing magnitude and phase changes ithe currents. The array
factor calculated using these current coe cients and thosefrom a 50- source almost
the same, and also agrees well witlDesigner simulations with 50 sources for up to 60

degrees of scanning.
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Figure 6.8: Performance of the PA terminated with SRC of 11 eéments at 60 degree
scan angle. (a) Drain e ciency. (b) Load current. (c) Output power.

| 30 \ 60 \
DE (%) 5874 6097 | 4511 5239
lout (MA) 5012 6157 | 40.38 5223
Pout(dBm) || 1866 1920 | 1912 1964

Table 6.3: The maximum and minimum value of drain e ciency, a ntenna input current
and output power among 9 elements (the 1st and 11th element & not counted) at drain

bias of 4.2 V.
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6.2 Side lobe level control of the radiation pattern

In this section the use of the class-E PA in side-lobe controlle array, speci cally
Tschebyschev array is discussed. The previous measuremengtsults for the PA are used

here.

6.2.1 Comparison of side lobe control between class-E and class-A

The radiation pattern of a single patch is calculated from Designer and used
for the calculation of side lobe level (SSL) of the array. Forll-element Tschebyschev
array, the amplitude ratio between elements are (0.367 0.450.656 0.833 0.956 1 0.956
0.833 0.656 0.457 0.367). Based on the relationship betwedme drain bias and output
voltage, the drain bias is used for obtaining the correct rato of signal level at the antenna
element. Drain e ciency, total output power of the PA and sid e lobe level is the main
parameter we want to examine.

The class-E PA is modeled in Matlab based on the interpolationof early mea-
surement data of class-E PA (Chapter 3). Its behavior is shownagain in Fig 6.9 for

reference. The drain bias of the center PA is swept from 0 to 5Vand the bias of other

Figure 6.9: Class-E PA characterization (a) AM/AM and AM/PM; (b) drain e ciency
and gain (ratio of output voltage and drain bias).

element varies according to the ratio. The results are showrin Fig 6.10. The drain

e ciency and output power follows same trend as single classE PA. The uctuation
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in the side lobe level is mainly caused by the AM/PM e ect of PA. The directivity
and maximum direction of radiation is not in uenced. Here, as observed, the e ect of

mutual impedance is not considered.

Figure 6.10: Characterization of 11-element active array atenna with class-E PAs as
the driver ampli ers. (a) Radiated power and drain e ciency . (b) Side lobe level.

For comparison, active array with class-A PA using same devie is characterized.

The performance of class-A PA is shown in Fig 6.11. The input pwer to the center

Figure 6.11: Class-A PA characterization (a) AM/AM and AM/PM ; (b) drain e ciency
and gain.

element is swept from -20 dBm to 11 dBm and the input power to theother elements
are set so that to generate the desired signal amplitude rat at each element. The
results are shown in Fig 6.12. The drain e ciency and output power follows similiar

trend as the signal class-A PA. Since the AM/PM conversion is sall, the SSL level
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almost doesn't change compared with the class-E case.

Figure 6.12: Characterization of 11-element active array atenna with class-A PAs as
the driver ampli ers. (a) Radiated power and drain e ciency . (b) Side lobe level.

For class-E, the AM/PM conversion causes up to 6 dB. The SSL degrioration is
worse at lower power levels, since AM-PM is more serious wherrain bias level is lower.
The SRC of the 11-element patch antenna array is calculated fotapered exci-
tation case based on Eq. 6.1. It shows that the results are alwst same as uniform

excitation case. So amplitude tapering doesn't a ect the muual impedance much.

6.3 Conclusion

In this chapter, analysis of an active transmit scanning array with class-E PAs in
each antenna element is presented. We postulate that by distouting the bias control
circuit, some performance improvement can be obtained. In pplications where circula-
tors or isolators are not desirable, such as portable arraysvhen the beam of the array is
scanned, the impedance presented to each PA in the array wilhe di erent and will vary
with scan angle. Through simulations using experimentallyobtained ampli er data, it
is found that the dynamic biasing at each element can help maitain e ciency only to
a certain degree. For larger scan angles, e ciency and poweloss cannot be compen-
sated through bias control, and we conclude that some type ofuner network becomes

necessary. In the simpler case of taper (sidelobe) controlt is shown that distributed
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biasing can be e ectively applied without sacri cing e cie ncy. The initial work done
in this thesis shows that it may be possible to produce ("stanp out") large numbers
of identical elements (PAs integrated with antennas), but then make each element in
the array slightly di erent through digital bias control. T he digital control thus enables
innexpensive manufacturing, while allowing optimized elenent performance for the case

of sidelobe level control.



Chapter 7

Conclusion And Future work

7.1 Thesis Summary

This thesis explores the possibility of using class-E PAs foramplifying signals
with both amplitude modulation and phase modulation at carrier frequency of 10 GHz.
The class-E PA is nonlinear since the active device operatessaa switch by being driven
into saturation. Dynamic biasing, speci cally the dynamic biasing of the drain voltage
(FET), is investigated as a possible method for linearizaton of the class-E PA, based on
the ampli er's linear relationship between the drain bias and output signal amplitude.
Most of this work is based on a class-E PA designed at 10 GHz ugjna GaAs MESFET
AFMO04P2 from Alpha industries, with a maximum output power of 20.3dBm(0.7 dB
less than the speci ed maximum output power) and drain e cie ncy of 67 %. It is also
brie y shown that HBT and PHEMT devices behave similarly.

An ideal class-E circuit is analyzed theoretically for di erent impedance at the
fundamental and second harmonic frequencies. For impedaecsweeping at fundamental
frequency, all higher harmonics are open-circuited. For impdance sweeping at second
harmonic frequency, all higher harmonics are open circuitd and the impedance at
fundamental frequency is determined to satisfy the \soft swtching" condition. The
result shows that the class-E mode is tolerant to impedance dinge. Thus the PA
design is validated.

Slow dynamic biasing is shown to increase the e ciency for lever output power
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level while maintaining same input power level. Thus, the paver of the PA can be
controlled directly through e cient bias control. The e ci ency of the PA with dynamic
biasing is improved by a factor of 1.4 over an output power betveen 15 and 20dBm.
In fast dynamic biasing, the EER technique becomes a logicathoice for linearizing the
class-E PA. Due to the linear relationship between the drain bas voltage and output
signal amplitude, the class-E PA lends itself naturally to the EER technique. When
operated in EER, the 10-GHz class-E PA generates upper side IMB of -25.4 dBc and
lower side IMD3 of -20.7 dBc at two-tone frequency spacing of 1 Mz. To meet the
linearity requirement of IMD3 -30dBc, open-loop lookup table based digital baseband
predistortion is performed. E cient wide-band envelope tracking for biasing the PA is
achieved through a combination of a switched-mode power comrter and a linear class-
AB ampli er. The digital PA system controller is constructe d using a Xilinx Virtex-II
V2MB1000 FPGA. The system controller allows the exibility of generating arbitrary
signals for the drain bias and phase shifter control with or wthout predistortion from
a lookup-table. With predistortion, IMD3 requirement of -30d Bc is met at a two-tone
spacing of 20 kHz, but not for higher values of two-tone frequecy spacing. The linearity
can be further improved as suggested in the next section.

Finally, the application of the class-E PA as the driver for active phased array
antennas is discussed with emphasis on dynamic biasing of @a driver PA for side
lobe control and array steering. A 11-element 1-D patch antena array is taken as an
example. Issues related to these application include, AM-AMand AM-PM e ect of the
PA and impedance variation of load impedance on PA behavior.

Speci ¢ contributions of this work are:

Theoretical load-pull of class-E PA is performed for impedane at fundamen-
tal frequency while assuming higher harmonic frequenciesra open-circuited.

The tolerance of the class-E operation on load impedance vaation is observed.
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Impedance at second harmonic frequency is swept. It is founthat with second
harmonic level over 40dB less than signal at fundamental frguency, e ciency

can be kept over 90 %;

Open-loop digital baseband predistortion of the class-E PA atX-band in EER
mode of operation is performed. At frequency spacing of 20 K, the IMD3 of

-33 dBc is obtained.

Load-pull measurement of IMD for class-E PA operating in EER made is per-
formed. The results are compared with two-tone load-pull resits in general
two-tone. The impedance values which optimize the IMD in EER two-tone is

di erent from those in general two-tone.

Proposed future work

Based on present results of this work following future reseh work is suggested.

As shown in Chapter 5, the predistortion in EER mode meets the-30dBc re-

quirement at this point only for relatively narrow bandwidt h signals (two-tone spacing

of 20kHz). When the center frequency is at 10 GHz, the moduldbn frequency can be

tens of MHz. Linearity needs to be improved for wider bandwidh signals, i.e. wider

two-tone frequency spacing in the linearity measurement. Pesible ways to improve

linearity include:

Some improvements can be obtained with adaptive feedback tp in predis-

tortion, which mainly corrects for device performance chames due to aging,
temperature and power supply uctuation. The feedback loop can also correct
inaccuracy in the predistortion value caused by device chacterization process
or performance uctuation between devices. Ref. [42, 43] & recommended as

a start.
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Limiting feedthrough voltage by modulating a driver stage will bring both lin-

earity improvement and e ciency increase [33];

Memory e ects are a major issue for the PA used in this work andcorrection
by trying some of the memory correcting predistortion methods described in

[50, 45] is highly suggested.

Load-pull characterization of the device shows further impovement in linearity

can be obtained by:

Redesigning the PA based on two-one load-pull in EER mode. In tis work, the

PA is designed without knowledge of IMD load-pull results.

As suggested by reference [53], envelope load-pull can be f@med to nd the

optimal impedance for envelope signal termination.

Finally, it is suggested to test an active phased array driven with class-E PAs

with dynamic biasing circuitry to verify the study results f rom Chapter. 6.
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