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ABSTRACT A novel design method, which can transform the nonlinear circuits design to the impedance
matching network (IMN) design, is proposed for wideband analog predistoter (APD) with the characteristics
of frequency-dependent gain and phase conversions in this paper. First, the design method for the desired
gain and phase conversions is introduced. The ABCD parameters of the IMN can be computed. To simplify
the design, the obtained parameters are transformed to the IMN terminal impedance. Then we can only
need to design the IMN terminal impedance to obtain the desired transfer characteristics. In the meanwhile,
an APD with 4.5 dB gain conversion and 50° phase conversion is designed and simulated to validate the
design method for specify gain and phase conversions. The simulated results show good effectiveness of the
design method. Second, for wideband application, the complex gain and phase conversions surface design
is transformed to the IMN terminal impendence curve versus frequency design. This gives the designers a
well-defined strategy for wideband APD design focusing on frequency-dependent phase conversion as well
as gain conversion. To validate the proposed method, a wideband APD operating at K-band (17-20 GHz) is
designed, fabricated and measured. A linearized 100W K-band TWTA is shown to achieve a noise power

ratio (NPR) >20 dB at 3 dB output power back-off, and phase change <6.5° among the operating band.

INDEX TERMS Wideband analog predistorter, impedance matching network, terminal impedance.

I. INTRODUCTION

The demand for higher information rates has resulted in
more complex digital modulation which has the characteris-
tic of high peak-to-average power ratio (PAPR). Therefore,
requirements of the high power amplifier (HPA) with high
linearity have been becoming more critical. Normally HPA
devices like traveling-wave tube amplifiers (TWTAs)/solid-
state power amplifiers (SSPAs) should make a trade-off
between linearity and efficiency. When the output power
approaches the saturation point, the TWTAs will generate
strong nonlinear distortion, which appears to gain compres-
sion and phase shift. Therefore, different linearization meth-
ods such as feedforward, feedback, analog predistortion and
digital predistortion technique [1] are widely employed to
improve the linear characteristics of TWTAs.
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Owing to its relative simplicity, wideband operation,
and high efficiency, analog predistortion is widely used
in microwave and millimeter wave systems [2]-[10]. The
need for greater data rates promotes the move to operat-
ing over wider bandwidths and at higher frequency. For
wideband applications, the linearizer’s amplitude modulation
(AM)/AM and AM/phase modulation (PM) conversions char-
acteristics must change over frequency to match the changes
of the PA’s nonlinearity at different frequencies. Additional
time delay, based on an artificial left-handed transmission
line, is introduced to characterize the frequency-dependent
phase conversion function [3]. But the circuit design is com-
plicated and the gain conversion is not mentioned. In [4],
Q-band (43.5-45.5 GHz) and V-band (47-52 GHz) APDs
have been proposed for using with satellite communica-
tions (SATCOM) ground station TWTAs. But this paper
lacks of technical information concerning the APD solution.
Therefore, the clear design method of wideband
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APD focusing on frequency- dependent gain and phase con-
versions have not be reported in the previous work.

In this paper, a new design method for the APD with spec-
ify gain and phase conversions is introduced. This method can
transform the complex nonlinear circuits design to the IMN
terminal impendence design. Then an APD with 4.5 dB gain
conversion and 50° phase conversion is designed and simu-
lated using the proposed method. The simulated results show
good effectiveness. The design principle of wideband APD,
which transfer characteristics varying with frequency, is to
design the IMN terminal impendence curve versus frequency.
Finally, a wideband APD is fabricated and measured. The
measured results show good consistency with the analysis.

This paper is organized as follows. First, a design method
for specify gain and phase conversions is presented in
Section II. Based on the method, an APD with 4.5 dB
gain conversion and 50° phase conversion is designed and
simulated. Then the design procedure, simulation results
and experiment results for wideband APD are provided in
Section III. Finally, section IV draws the conclusion.

Il. DESIGN METHOD FOR SPECIFY GAIN AND PHASE
CONVERSIONS

A. DESIGN METHOD

A variable impedance matching network based on varactor
diode is introduced in [8] to achieve the tuning function by
changing its bias voltage. But it does not give a well-defined
matching network design strategy for the desired gain and
phase conversions. Further analysis on the IMN design strat-
egy is given below. The topology of the APD is shown
in Fig. 1, which consists of a 90° hybrid coupler, two IMNss,
two resistances and two nonlinear loads (Schottky diode).
Based on Ref. [11], the gain G and phase shift & of the APD
can be derived:

G =201g|T| ()
® = O 490 )

where I' is the reflection coefficient of a wave incident on the
load, from the through or coupled port of the 90° hybrid.

FIGURE 1. The topology of the APD.
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As shown in Fig. 1, the Schottky diode and the resistance
can be equivalent to a parallel nonlinear capacitor and a
parallel nonlinear resistor, and its equivalent susceptance Bs
and conductance Gs are both the function of input power. For
areciprocity network, the transmission matrix of the IMN can

be expressed as:
A B
[T1=[ i D} 3)

and it meet the following conditions:
AD —BC =1 “

Then the transmission matrix after through port of hybrid
coupler can be derived as:

. _[A B 1 0
[T]_[C DHGHBS 1}

. [A+BG+jBBS B}

C +DG+jDB; D )

and the output impedance of the through port of hybrid
coupler can also be derived from the transmission
matrix [T']:
D
Z=——
C + DG + jDB;

Assume the impedance of the through port of hybrid cou-
pler is Zy, then the reflection coefficient can be derived as:
Z -7
I'= (N
747y
According to (3) - (7), we can easy to obtain that the
gain and phase shift vary with the input power and the cir-
cuit parameters of IMN. The principle of the APD can be
described as follows: when the circuit topology and the circuit
parameters of IMN are determined, the gain and phase shift
only vary with the input power. Then the gain conversion AG
and phase conversion A® can be further derived as:

6

AG = 201g [T/ T (8)
AD = &r, — Oy ©

where I', and I'; are the reflection coefficient at the highest
and lowest input power, respectively.

According to (8) and (9), the gain and phase conversions
can be calculated, so we can tune the value of I';, and I';
to get the desired gain and phase conversions. When the
Schottky diode model is chosen, the equivalent conductance
Gs and susceptance Bs of the Schottky diode and the resis-
tance in different input power are determined. The circuit
parameters can be calculated by (3) - (9) for specify gain and
phase conversions. Because the solution is not unique, so we
should choose the solution which can minimize the insertion
loss (IL) in order to decrease the power consumption. The IL
can be derived as:

Z -7

IL = —201
877

) (10)
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Finally, the problem can be derived as:

min f = IL
AG=a
s.t. Ad=bh (11)
AD—-BC =1

where a and b are the specify gain and phase conversions,
respectively.

We use the genetic algorithm to solve above problem, then
the ABCD parameters can be obtained. However, although
these parameters can represent the characteristics of the IMN,
but they are more complicated to apply in practical circuits
design. To simplify the design, we transform the ABCD
parameters to the terminal impedance Z;, at port A. Then Z,
can be derived as:

ZoD

= — 12
ZoC + D (12)

Zin
From above analysis, the specify gain and phase conver-

sions design are transformed to the terminal impedance of the
IMN design.

B. AN APD WITH 4.5 dB GAIN CONVERSION AND 50°
PHASE CONVERSION

A design method for APDs with specify gain and phase
conversions is introduced in section A. the flowchart of the
design procedure is shown in Fig. 2. To validate the proposed
design method, an APD with 4.5 dB gain conversion and
50° phase conversion is designed and simulated using the
design methodology. An APD operating at 49 GHz is sim-
ulated using Rogers 5880 with a relative dielectric constant
of 2.2 and a thickness of 10 mil. DBES105a Schottky diode

Determine specify gain conversion
AG and phase conversion AD

v

Obtain the impendence of the
nonlinear load at different input power

v

Compute the A ,B ,C and D for
desired gain and phase conversion

Y

Transform the transmission matrix to
the terminal impedance Zin

v

Design the IMN for computed
terminal impedance Zin

End

FIGURE 2. Flowchart of the design procedure.
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is adopted in this circuit. From the prior analysis, the design
procedure follows:

a) Step I: Give the specify gain and phase conver-
sions(4.5 dB and 50°), operating frequency(49 GHz)
and the Schottky diode(DBES105a).

b) Step 2: Obtain the Gs and Bs at different input power.
First, the impedance of the Schottky diode and the
resistance (Zs) can be simulated by the Advanced
Design System (ADS). The setup of the simulation is
shown in Fig. 3. Then the impedance can be obtained
using the Zin toolbox. Fig. 4 shows the simulated
impedance versus input power, then Gs and Bs at dif-
ferent input power can be derived:

Zy = 1/(Gy + jBy) (13)
@ ol +
LSSP V_DC -
Freq[1]=49 GHz R= 50 Ohm
Order[1]=3 Nonlinear
Load
— DC_Feed
Zin

Zinl=zin(S11, PortZ1)
|

|
Al
P_1Tone DC_Block .
RF_Sourcel Diode
Z=50Ohm DBESI05a
P=dbmtow(RF_pwr)
= Freq=49 GHz

FIGURE 3. The setup of the Gs and Bs simulation.

R=500h

I[|e—e—AAA

FIGURE 4. The simulated impedance Zs and the reflection coefficient I at
different input power ( where Zsh and Zsl are the impedance of the
Schottky diode and the resistance at the highest and lowest input power,
respectively.).

c) Step 3: According to (1) - (11), the ABCD parame-
ters can be obtained using the genetic algorithm. The
calculated parameters are: A = 1.029, B = —j0.287,
C = —j0.011 and D = 1.033. Then these parameters
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are transformed to terminal impedance of the IMN:
Zin = 39.73 4 22.98;.

d) Step 4: Then the specify gain and phase conversion
design can be transformed to the terminal impedance
of the IMN design. The terminal impedance Zg (here
we set Zg = 50 2) should be transformed to Zi, using
the IMN. The Smith Chart toolbox is used to guide the
IMN design, the details of the IMN is shown in Fig. 5.

4P ITone
RF Sourcel
Z-500hm
P-dbmiow(RF pwi)
Freq-49GHz

078/1.5 051096 0781.5

Diode
DBESI05a R=500h

051096 069145

DCBlock

PLULLO

91260

PLULLO
|

0781.5 051096 0781.5

Term2 051096 069145

Num=2 )
2250 0hm Hybrid90

DCBlock

£-22 ,h=10mil
WL(mm

FIGURE 5. The Schematic of the designed APD.

As shown in Fig. 4, the function of the IMN is to transform
the reflection coefficient to meet the specify gain and phase
conversions’ requirement. In the prior, a well-defined match-
ing network design strategy is introduced for the specify gain
and phase conversions’ design.

The Schematic of the designed APD with 4.5 dB gain
conversion and 50° phase conversion is shown in Fig. 5.
A broadband three-branch hybrid coupler is adopted to
achieve a better consistency within 47-51 GHz and the circuit
parameters are shown in Fig. 5. Then the gain and phase
conversions can be simulated by the ADS and the simulated
results are shown in Fig. 6. The simulated gain and phase
conversions are 4.36 dB and 48.5°, respectively. These results
are very close to the given conversions showing good effec-
tiveness of the design method for specify gain and phase
conversions.

According to (8) — (9) and the simulated impedance of
the Schottky diode, we can also calculate the gain and phase
conversions. The calculated results are shown in Fig. 6. The
gain and phase conversions are 4.51 dB and 51°, respectively.

The simulated and calculated results are close and the
discrepancies between simulated and calculated results are
mainly because the non-idealities of the hybrid coupler. For
example, the impedance of the through port of hybrid coupler
is not 50 €2 resulting in inaccurate results in (7) and (10).

Ill. A WIDE BAND APD FOR 100W K-band TWTA

A. DESIGN METHOD FOR WIDEBAND APD

In prior analysis, a design method for the APD with specify
gain and phase conversions is introduced. However, a APD’s
design in wideband application is not to generate a special
curve versus input power but also a surface with frequency
and input power as variables. The main reason is that the
needed gain and phase conversions in wideband application
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FIGURE 6. The simulated and calculated results of the designed APD (a)
gain conversion and (b) phase conversion.

are frequency dependent. First, the wideband capability of
the APD proposed in section Il is analyzed. Second, a design
method for wideband APD is introduced. Finally, a wideband
APD operating at K-band (17-20 GHz) is designed, fabricated
and measured.

Fig. 7 shows the simulated one-tone AM/AM and AM/PM
conversions versus input power and frequency of the APD
designed in section II. As shown in Fig. 7 (a), the gain
conversion is 5.9, 4.3 and 2.4 dB at 47, 49 and 51 GHz,
respectively. The gain conversion in low and high frequencies
cannot meet the requirement of actual TWTAs. The phase
conversion shown in Fig. 7 (b) is 42.5, 53.2 and 58.3 dB
at 47, 49 and 51 GHz, respectively. The phase conversion
in low frequency is larger than the needed. So the design
method for specify gain and phase conversions cannot be
directly used to design wideband APDs. In order to bet-
ter analyze the relationship between the gain and phase
conversions and the IMN terminal impedance, we fix one
conversion and the other conversion is scanned (for constant-
gain conversion situation, we set AG=a, and let AP varying
from —180° to 180°; for constant-phase conversion situation,
we set A®=b, and let AG varying from —10 dB to 10 dB).
Finally, constant-gain conversion and constant-phase conver-
sion curves can be obtained. The function of these curves
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FIGURE 7. The simulated one-tone AM/AM and AM/PM conversions
versus input power and frequency of the APD designed in section I
(a) gain conversion and (b) phase conversion.

are similar to the equal gain and equal efficiency curves in
the power amplifier design, and can be easily used to guide
the design. In the power amplifier design, the load-pull data
(equal gain and equal efficiency curves) gives the designers a
well-defined strategy for suitable matching network design.
In our work, constant-gain conversion and constant-phase
conversion curves gives IMN design target for specify gain
and phase conversions. The Fig. 8 shows the constant-gain
conversion and constant-phase conversion curves for the APD
designed in section II.

Measured impedance of the Schottky diode and the resis-
tance (Zs) is shown in Fig. 9. We can see that DBES105a
Schottky diode with the nonlinear characteristics varys little
in the operating band (17 GHz —20GHz). So we can think that
Gs and Bs are constant versus frequency in the operating band
and assume that the admittance of the through port of hybrid
coupler Yy vary little with frequency. From (3) - (6) we can
see: constant-gain conversion and constant-phase conversion
curves at all frequencies among operating band are equal.

To obtain a design method for wideband operation, we first
analyze the terminal impedance curve versus frequency.

VOLUME 8, 2020

FIGURE 8. The constant-gain conversion and constant-phase conversion
curves for the APD designed in section Il.

The transmission matrix of the two series transmission
lines can be expressed as:

cos 801 jZ; sin B6; cos B0y jZ, sin 6>

m— | isin BO sin BO
(T =1 JsinBor cpo, || LS0P%2 o e
1 Z
(14)
So the ABCD parameters is:
z
A = cos 6] cos B0, — Z_l sin 801 sin 86,
2
B = jZ; cos B0 sin B6, + jZ1 sin B0 cos B,
jcos B0 sin B> jsin B0 cos f6r
C= +
Z Z
Z
D = cos 6] cos B6r, — Z—2 sin 861 sin 86, (15)
1

Then we can obtain the terminal impedance curve versus
frequency according to (12). The terminal impedance curve
varying with frequency is shown in Fig. 8. The terminal
impedance curve shows good consistency with the simulated
one-tone AM/AM and AM/PM conversions shown in Fig. 7.
Then the needed gain and phase conversions surface design is
transformed to the specify terminal impedance curve versus
frequency.

The design procedure follows: First, obtain the impedance
of Schottky diode and resistance at different input power.
Second, compute the terminal impedance for specify gain and
phase conversions from (3) -(12) and plot the constant-gain
conversion and constant-phase conversion curves. Third,
according to the needed gain and phase conversions surface,
choose a specify curve from constant-gain conversion and
constant-phase conversion curves. Finally, design the IMN to
meet the specify terminal impedance curves versus frequency.

B. SIMULATION
In this section, a wideband APD operating at K-band
(17-20 GHz) is designed and simulated using the proposed
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FIGURE 9. The constant-gain conversion and constant-phase conversion curves for the wideband APD.

Required terminal impendence

vs frenquency

25) B 100j

— 50° \ 250

FIGURE 10. Measured impedance of the Schottky diode and the
resistance (Zs) (a) 17GHz, (b) 18.5GHz and (c) 20GHz.

FIGURE 11. The fabricated wideband APD (Z1=45 @, §98=°, 72=80 %,
020=° at center frequency).

design method. Fig. 10 shows the constant-gain con-
version and constant-phase conversion curves in K-band
(17-20 GHz). In the wideband application, we should choose
one curve to meet the requirement over the operating fre-
quency band. For a specify 100 W K-band TWTA, the needed
transfer response is: the gain conversion increases first and
then decrease with frequency, and the phase conversion
increases with frequency. Then the required curve is plotted
in Fig. 10.
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FIGURE 12. Simulated one-tone AM/AM and AM/PM conversions versus
input power and frequency of the wideband APD (a) gain conversion and
(b) phase conversion.

The detailed schematic and circuit parameters of the pro-
posed IMN for the required specify curve is shown in Fig. 11.
Fig. 12 shows the simulated one-tone AM/AM and AM/PM
conversions versus input power and frequency of the wide-
band APD. The gain conversion is 3.7, 6.21 and 4.63 dB as
well as the phase conversion is 26.1, 42.6 and 54.5 degrees at
17, 18.5 and 20 GHz, respectively. These results can meet the
requirement of the 100 W K-band TWTA.
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C. EXPERIMENTS

To validate the proposed method, a wideband APD is fab-
ricated using Rogers 5880 with a relative dielectric con-
stant of 2.2 and a thickness of 10 mil. DBES105a Schottky
diodes is adopted in this circuit. Moreover, we implement
a broadband three-branch hybrid coupler to achieve a bet-
ter consistency within 17-20 GHz, and set the through port
impedance Zy = 50 Q. The fabricated wideband APD is
shown in Fig. 10.

Fig. 13 shows the measured one-tone AM/AM and
AM/PM conversions performance of the proposed APD,
the gain conversion is 3.8, 6.1 and 4.5 dB as well as the
phase conversion is 25, 43 and 55 degrees at 17, 18.5 and
20 GHz, respectively. The transfer response versus input
power and frequency show very good consistency with the
above analysis and the simulated results.

[

wn

oo WESY
[

a

LRpuosIan
o

- o ASEUd
ke:\xﬁ'a?c]‘uaﬁ!z; = @

(b)

FIGURE 13. Measured one-tone AM/AM and AM/PM conversions versus
input power and frequency of the wideband APD (a) gain conversion and
(b) phase conversion.

To validate the performance of the linearizer, a 100 W
K-band TWTA is selected. The experimental setup is shown
in Fig. 14. A linear driver power amplifier is cascaded in
the front of the proposed APD to make sure APD working
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FIGURE 14. Experimental setup.
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FIGURE 15. Measured gain and phase conversions of the TWTA and
LTWTA (a) gain conversion and (b) phase conversion.

in appropriate power range. Agilent N5244A PNA-X vector
network analyzer (VNA) is applied in the measurement.

Fig. 15 shows the measured gain and phase conversions
of the TWTA and linearized TWTA(LTWTA). Lineariza-
tion moves the 1-dB compression point of the TWTA to
within 2.5 dB in input power (0.6 dB output power) from
saturation point. The measured phase conversion of the
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TABLE 1. Comparison with other reported wideband APDS.

. The change in C/IM3 of the DUT Structure
Phase conversion . .
Freq.(GHz) versus phase after linearized
’ freq.(degree) linearized PAs(dBc)
q-(degr (degree)
20to 21.5 12.9 t0 30.8 Not mentioned Not mentioned Not mentioned Complex: predistortion
[3] linearizer model with LHTL
time delay
(4] 43.5t045.5 33t057 <10 >26 @3 dB Q-band TWTA Not mentioned
OBO
[7] 17.3-20.2 25 to 60 <55 Not mentioned 170W K-band TWTA complex: vector combination
Thi 17 to 20 25t0 53 <6.5 26.7 @3 dB 100W K-band TWTA simple: reflective
18
OBO
A TWTA 41 —=—TWTA
30 —=— LTWTA 64 ——LTWTA
25y 89
3 104
g x4
© 154 z 14+
10 164
18-
0.0 (;5 1'v0 1‘.5 2‘.0 2‘5 3:0 3:.5 4.0 204
Output power backoff(dB) 2 ' ' ' ' ' ' '
(a) 0.0 0.5 1.0 1.5 20 25 3.0
Output power backoff(dB)
—a— TWTA
wf A FIGURE 17. Measured NPR of the TWTA and linearized TWTA at 18.5 GHz.
Bl . . .
3 Fig. 17 shows measured noise power ratio (NPR)
g " in 80MHz frequency bandwidths of TWTA at 18.5 GHz,
o .
1 the NPR of TWTA increases from 13.6 dB to 20.56 dB.
o] These results illustrate that the proposed APD can obviously
I improve the linearity of the TWTA.
S Table 1 compares this work with other reported wideband
utput power backoff(dB) . R X .
APDs from the aspects of bandwidth, linearization effect
(b) . . .. .
E— and circuit complexity. The design in [7] shows good lin-
o] = LTWTA ear performance, but the structure using vector combina-
. tion is complex. The design in [4] also shows good linear
g performance, but the technical information of APD is not
g ” mentioned. The design in [3] shows the ability of frequency-
° dependent phase conversion, but frequency-dependent gain
10</ conversion is not mentioned and the structure is complex.
The proposed wideband APD shows good linearization effect

5 T T T T T T T
00 05 10 15 20 25 30 35 40
Output power backoff(dB)

(©)

FIGURE 16. Measured two-tone IM3 of TWTA and LTWTA (a) 17GHz,
(b) 18.5GHz and (c) 20GHz.

TWTA and linearized TWTA. Phase change of LTWTA is
reduced from to 48° to 6.5°.

Measured C/IM3 of TWTA and LTWTA is shown
in Fig. 16 and C/IM3 was measured with a 20 MHz spac-
ing two- tone signal. C/IM3 increases from 14.2, 13.4 and
12.9 dBc to 25.5, 26.7 and 27.3 dBc at 17, 18.5 and 20 GHz
in 3 dB OBO (output power back-off), respectively.
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with a simpler structure.

IV. CONCLUSION

A design method of the APD, which can transform the
complicated nonlinear circuit design to the IMN design, for
wideband application have been reported in this letter. The
design procedure for wideband application is to design the
specify IMN terminal impedance curve varying with fre-
quency. A wideband APD operating in K-band (17- 20GHz)
is designed and fabricated. Then a 100W K-band TWTA is
used to validate the performance of the fabricated wideband
APD. The results show that the proposed design method is an
effective and simple design guide for wideband APD.
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