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Abstract— In this article, we demonstrate a method for code-
sign of filtering matching networks for power amplifiers (PAs)
with the desired frequency response, improved efficiency, and
reduced footprint. The microwave transistor operates with high
efficiency with a specific complex-impedance load, and this
requires the development of a theory for filter matching network
design with arbitrary complex-impedance ports. The formula-
tion is first developed and then applied to a simple second-
order filter and a fourth-order filter with cross couplings and
transmission zeros and verified in the experiment. A single-stage
high-efficiency 4.7-GHz, 4-W hybrid GaN filter-PA (FPA) within
a sub-6-GHz 5G band is designed, built, and characterized. The
port impedances are determined by load– and source–pull for
an efficiency–power tradeoff. The measured performance shows
a gain of 15 dB, PAE = 55% with 9% fractional bandwidth,
and 10-dB rejection at 4.5 and 5 GHz. Comparison with a
cascaded PA-filter circuit shows a 25% lower loss with the same
rejection and a reduced footprint with the same rejection. A GaAs
monolithic microwave integrated circuit (MMIC) FPA at 28 GHz
(millimeter-wave 5G FR2 band) is also designed and measured
with a second-order output matching filter, demonstrating 8-dB
gain, 200 mW of output power, and PAE = 30% with a rejection
of 8 dB at 26.5 and 29.6 GHz.

Index Terms— Ceramic, coaxial resonators, coupling matrix,
5G, GaAs, GaN, monolithic microwave integrated circuit
(MMIC), power amplifiers (PAs), RF filters.

I. INTRODUCTION

POWER amplifier (PA) efficiency is an important para-
meter in RF front ends since the PA is often the domi-

nant power consumption component. In high-efficiency PAs,
the transistors are driven into saturation, resulting in linearity
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Fig. 1. (a) Block diagram of the FPA, where the input and output networks are
codesigned fundamental matching, harmonic termination, stability, and bias
networks, with a specific filter frequency response. (b) Hybrid implementation
of an FPA designed for operation at a center frequency of 4.7 GHz (5G-FR1)
with a 9% bandwidth. (c) MMIC implementation of an FPA designed for
operation at a center frequency of 28 GHz (5G-FR2) with a 9% bandwidth.

degradation [1], [2], exhibited as both in-band and out-of-
band distortion [3]. Both of these can be somewhat addressed
with analog or digital predistortion (DPD) [4]–[6], and some
band-limited DPD schemes can be used to simplify system
complexity with sophisticated 5G signals [7]. In many cases,
PAs require additional filtering at the output to satisfy spec-
tral masks. For example, out-of-band nonlinearities, including
those further from the signal up to harmonic frequencies, are
addressed by filtering in [8]. As more capacity is required
in wireless communication, features such as carrier aggrega-
tion make the problem of nonlinearities worse and filtering
becomes more important [9]. Controlled filtering adjacent to
an amplifier can also help with stability and provide an extra
degree of freedom during the design [10]. Filters cascaded
at the input and output of microwave amplifiers in RF front
ends [11] increase the overall loss and size. Different applica-
tions favor either reduced loss, e.g., in high-power base-station
transmitters [12] and in low-noise receivers [13] or reduced
size in portable devices [14] or space applications [15].
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Integration of the lossy matching network and filter can
improve efficiency and reduce the size of a PA, as shown
in Fig. 1. Here, the matching, harmonic terminations, bias,
and stability networks (SNs) are all considered together and
designed to have a specific filter-type frequency response,
as shown in more detail in Fig. 2. Since transistors need
to be matched to complex impedances for optimal operation,
the first challenge is to establish a design method for complex
terminations, rather than the real-valued source and load
impedances that are used in standard filter design.

Previous efforts in this direction for amplifier design include
[16] and [17], where the second- and third-order output PA
filter networks are implemented with evanescent-mode (EVA)
cavity resonators around 3 GHz. Both are narrowband [less
than 3% fractional bandwidth (FBW)] with 10 W of output
power, efficiencies around 70% and greater than 10 dB gain.
The corresponding equations for filter design are shown for
the specific cases of the second- and third-order all-pole
transfer functions with only one complex terminated port.
Guo et al. [18] extended the work in [16] by adding a
source-to-load coupling, which allows two symmetric trans-
mission zeros to be added to the frequency response.

Additional research in [19] presents an active N+3 coupling
matrix that extends the work in [17] by generalizing to an nth
order mainline waveguide filter while incorporating a transistor
model for small-signal input conjugately matched amplifier
design. This work is expanded in [20] to include a filter output
match and in [21] to include the effect of gate–drain feedback
and estimate the noise figure from the coupling matrix.

Here, we generalize the existing filter theory to include com-
plex input and output impedances for the nth order filters with
internal cross couplings. The initial work in [22] is extended
both theoretically and experimentally. We extend the coupling
matrix formulation and present an intuitive circuit-level treat-
ment for complex-impedance ports. We show that a simple
modification of the standard coupled-resonator filter design
approach is valid for complex port impedances synthesized
with traditional techniques for real loads. We then validate
this theory with proof-of-concept second- and fourth-order

filters, as well as a hybrid filter-PA (FPA) at 4.7 GHz and
a GaAs monolithic microwave integrated circuit (MMIC) FPA
at 28 GHz, as shown in Fig. 1(b) and (c).

This article is outlined as follows. Section II presents the
theoretical analysis for filter design with arbitrary complex-
impedance loads at both the input and output, with cross
couplings between resonators. Two passive filters validate the
theory experimentally in Section III, which is then applied
to the design of FPAs in Section IV. Starting from load–pull
and source–pull impedances in 5G bands, a sub-6-GHz hybrid
GaN PA and a 28-GHz GaAs MMIC PA are demonstrated and
compared to published work in the conclusions of Section V.

II. ARBITRARY COMPLEX-IMPEDANCE FILTER DESIGN

The N × N coupling matrix concept was introduced by
Atia et al. [22] and Atia and Williams [23]–[25] in a series
of articles. In [26], the concept is extended to an N + 2
coupling matrix, which includes the source and load couplings.
The matrix synthesis process is also extended to the case
of matrices designed to operate with complex terminations.
Very general examples of a fully canonical fourth-order asym-
metric filter and a noncanonical fourth-degree asymmetric
Chebyshev filter with two transmission zeros are given. In the
first case, a direct comparison of the matrices designed for
real and complex terminations shows that all the coupling
values change. For the latter, it is shown that only the first
and last resonators and the input and output couplings are
affected by the change in terminating normalized impedances.
This generalized coupling matrix synthesis procedure can
be applied in principle to any case, but it does not give
simple intuition or insight about the filter. Here, we prove
that only the two elements next to the source and load need to
be changed and provide the closed-form formulas that give
the exact modification necessary to match the filter to the
complex impedances of a transistor or for that matter any other
complex-impedance component.

An nth order filter node diagram with no direct source-
to-load coupling is shown in Fig. 3(a). The N + 2 coupling
matrix ([m0]) for such a filter is given by (1), as shown

[m0] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 mS1 0 · · · · · · 0 0
mS1 m11 m12 · · · · · · m1n 0

0 m12 m22 · · · · · · m2n 0
...

...
...

. . .
...

...
...

...
...

. . . m(n−1)n 0
0 m1n m2n · · · m(n−1)n mnn mnL

0 0 0 · · · 0 mnL 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(1)

[m] = [m0] + [�m] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 mS1 0 · · · · · · 0 0
mS1 m11 + �m1 m12 · · · · · · m1n 0

0 m12 m22 · · · · · · m2n 0
...

...
...

. . .
...

...
...

...
...

. . . m(n−1)n 0
0 m1n m2n · · · m(n−1)n mnn + �mn mnL

0 0 0 · · · 0 mnL 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(2)
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Fig. 2. (a) Block diagram of a PA cascaded with filters at input and output, where the shaded area shows the PA alone. The PA consists of an IMN, input
harmonic termination (IHT), input bias tee, an SN, a transistor, output bias tee, output harmonic termination (OHT), and OMN. (b) Block diagram of the
FPA, where the input and output filters are the codesigned IMFs. The shaded input and output networks correspond to the ones shown in Fig. 1(a).

at the bottom of the previous page. The frequency response
of this filter is designed in normalized space (1-� reference
impedance and ω = 1 normalized angular frequency), where
it does not depend on the source and load impedances. The
circuit elements in Fig. 3(b) can be obtained from the coupling
matrix [m0] for a given center frequency, bandwidth, and port
resistances, following the procedure in [26] and [27]. Note
that the coupling coefficients Mi j are denormalized. The input
and output port impedances in Fig. 3(b) are complex and
correspond to the transistor impedances in an amplifier that
maximize gain, efficiency, and so on. For a PA, for example,
the input impedance of the filter matching network is found
through load–pull and is a complex impedance that is typically
a tradeoff between efficiency and power. The goal of the
analysis shown below is to develop a method that allows a
standard filter design to be applied to ports with predetermined
amplifier complex impedances.

We refer to the filter described by [m0] as the “original
design,” which can be obtained using any coupled-resonator
synthesis technique [26], [27] and is traditionally designed for
real-valued port impedances. A new coupling matrix, given
by (2), as shown at the bottom of the previous page, is created
by adding variations �m1 and �mn in the m11 and mnn terms,
respectively. The normalized input admittance of the filter is

yin = m2
S1

s + j(m11 + �m1) + hL(s, [m0],�mn, zL )
(3)

where hL(s, [m0],�mn, zL ) is the equivalent admittance seen
by the first resonator looking into the rest of the terminated
filter and depends on the topology of the filter.

The reactance of the last resonator is always in parallel with
the admittance of the load transformed by the last inverter,
resulting in

yn = j(mnn + �mn) + m2
nL zL

= jmnn + (
j�mn + m2

nL zL
)

(4)

where yn is the admittance of the nth resonator in parallel
with the inverted load. From (3) and (4), the dependence of the
input admittance on �mn and zL is contained in yn . To shorten
the derivation, we enforce independence of yin on �mn and
later show that this condition is equivalent to the simultaneous
conjugate match. This produces

j�mn + m2
nL zL = KL

zL = KL

m2
nL

− j
�mn

m2
nL

(5)

where KL is an auxiliary parameter that, without loss of
generality, can be used to normalize the real part of zL . This
leads to

KL = m2
nL (6)

consequently making hL independent of zL and �mn as long
as condition (5) is held. Namely,

hL (s, [m0],�mn, zL) = hL(s, [m0], yn)

= hL(s, [m0], mnn, KL )

= hL
(
s, [m0], mnn, m2

nL

)
= hL(s, [m0]) (7)

because mnn and mnL are contained within [m0].
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Fig. 3. (a) General filter node diagram for an nth order filter where nodes
(resonators) i can connect to n − 1 nodes, while nodes 1 and n can connect
to n resonators. The exceptions are nodes S and L , which only connect
to nodes 1 and n, respectively. Circuit representation with (b) parallel and
(c) series resonators.

The input impedance is obtained from (3) and (7) as

zin = 1

yin

= hL(s, [m0]) + s + jm11 + j�m1

m2
S1

=
[

hL(s, [m0]) + s + jm11

m2
S1

]
+ j

�m1

m2
S1

(8)

given that the load impedance is

zL = 1 − j
�mn

m2
nL

= 1 + j xL. (9)

The output impedance of the filter can be similarly derived as

zout =
[

hS(s, [m0]) + s + jmnn

m2
nL

]
+ j

�mn

m2
nL

(10)

given that the source impedance is

zS = 1 − j
�m1

m2
S1

= 1 + j xS. (11)

The terms in brackets in (8) and (10) do not explicitly
depend on the resonator variations �m1 and �mn and are
the frequency responses of a filter designed to work with
resistive terminations, which we refer to as the “original
design” (�m1 = �mn = 0). In band, these terms are very
close or equal to unity (at the poles), indicating a good
match. The Appendix shows the proof that the frequency

response of the reflection coefficient of a filter terminated in
the complex impedances (9) and (11) is exactly that of the
resistively terminated original filter design.

The reactive part of the input and output port impedances
can then be controlled by detuning the input or output
resonators, 1 and n, respectively, while maintaining the same
filter response. The real part of the port impedance remains
normalized to the port resistance, and the necessary modifica-
tion of the resonators for conjugate matching can be obtained
from (8)–(11) as

�m1 = −xSm2
S1 = − X S

RS
m2

S1 (12)

�mn = −xLm2
nL = − X L

RL
m2

nL (13)

where X S and X L are the reactive parts of the source and
load impedances, respectively, while RS and RL are the real
parts and are also the normalizing resistances of the input and
output ports, respectively.

This derivation works for parallel resonator topologies
where the coupling matrix represents an admittance matrix
(node equation formulation of the coupling matrix [27]).
For the series resonator case (loop equation formulation of
the coupling matrix [27]) shown in Fig. 3(c), the coupling
impedance matrix variation terms can be similarly derived as

�m1 = −bSm2
S1 = − BS

GS
m2

S1 (14)

�mn = −bLm2
nL = − BL

GL
m2

nL (15)

where BS and BL are the reactive parts of the source and load
admittances, respectively, while GS and GL are the real parts
and are also the normalizing conductances of the input and
output ports, respectively. It is worth noting that the frequency
shift in the resonators is the same in the two cases, but with
a different sign, since

BS

GS
= − X S

RS
. (16)

A. Circuit-Level Analysis

Knowing that only the first and last resonators are modified,
a simple and intuitive circuit analysis gives the same results
as the coupled-resonator filter theory. Fig. 4(a) shows the low-
pass representation of a resonator at one end of a filter and the
inverter that couples that resonator to a resistive load. Fig. 4(b)
shows the modified circuit where the resonator is altered by
adding a frequency-invariant reactance (FIR) B0, which shifts
the center frequency of the resonator. The equivalent input
admittances are

Y1 = jωC + Z0 J 2
1 (17)

Y2 = j B0 + jωC + (R + j X)J 2
2 . (18)

Equating these and solving for B0 and J2, we obtain the
modified values that will conserve filter performance

B0 = − X

R
Z0 J 2

1 (19)

J2 = ±J1

√
Z0

R
. (20)
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Fig. 4. Low-pass representation of an edge resonator, inverter, and termina-
tion for (a) parallel case and real termination, (b) parallel case and complex
termination, (c) series case and real termination, and (d) series case and
complex termination.

If we follow the same approach as in the previous part and
make the real part equal to the original resistance (R = Z0),
it can be seen that the inverter value remains unchanged within
a sign, J2 = J1, and the FIR value is given by

B0 = −X J 2
1 (21)

which is analogous with (12) and (13).
Similarly, a filter with series resonators has the following

equivalent impedances:

Z1 = jωL + Y0 K 2
1 (22)

Z2 = j X0 + jωL + (G + j B)K 2
2 (23)

which can be combined to find the new FIR X0 and impedance
inverter K2 as

X0 = − B

G
Y0 K 2

1 (24)

K2 = ±K1

√
Y0

G
. (25)

If G = Y0, the following is obtained:

X0 = −B K 2
1 (26)

which is analogous to (14) and (15).

III. FILTER IMPLEMENTATIONS WITH COMPLEX PORTS

To verify the theory, we show two complex-to-complex
impedance microstrip filter implementations: a second-order
all-pole filter and a fourth-order elliptical filter, both Cheby-
shev type. They use the same 762-μm-thick Rogers 4350B
substrate with 35-μm-thick copper traces and ground plane.

A. Second-Order Filter Example

A simple microstrip filter using quarter-wave inverters and
half-wave resonator is designed for ZS = (35 − j10) � and
Z L = (60 + j15) �. The filter is a second-order all-pole

Fig. 5. (a) Layout and (b) photograph of the second-order filter. The dashed
line indicates the position of the reference planes to which the 50-� line
sections are deembedded using the through-reflect-line (TRL) calibration.

Fig. 6. Simulation and measurement results for the second-order Chebyshev
microstrip filter seen in Fig. 5 with complex port impedances ZS and ZL .
The measurement is performed in a 50-� environment and referenced to the
complex port impedances in postprocessing.

Chebychev type with a return loss RL = 15 dB, represented
by the admittance coupling matrix

[m0] =

⎡
⎢⎢⎣

0 1.0369 0 0
1.0369 0 1.2868 0

0 1.2868 0 1.0369
0 0 1.0369 0

⎤
⎥⎥⎦ (27)

which after modification for the complex-impedance loading
using (12) and (13), becomes

[m] =

⎡
⎢⎢⎣

0 1.0369 0 0
1.0369 0.3072 1.2868 0

0 1.2868 −0.2688 1.0369
0 0 1.0369 0

⎤
⎥⎥⎦ (28)

and this matrix is referenced to the real part of the port
impedances (z0i = ri ). The filter response is centered at
f0 = 2.4 GHz with 8% FBW. Fig. 5 shows the layout and
photograph of the fabricated device.

This filter was designed using Cadence AWR for circuit
and full-wave electromagnetic (EM) simulations (Axiem). The
measured frequency response is compared to the simulations
in Fig. 6, where the port impedances are the complex values
previously specified. Fig. 7 shows the complex reflection coef-
ficients at the filter ports when it is terminated in the design
complex impedances. It can be seen that the impedances
looking into the filter are conjugately matched to Z S =
(35 − j10) � and Z L = (60 + j15) � in the passband (loop).
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Fig. 7. Simulated and measured S11 and S22 for the second-order filter, from
Fig. 5, terminated in ZS and ZL , plotted from 1.8 to 3 GHz. The measurement
is performed in a 50-� environment and referenced to the complex port
impedances in postprocessing.

B. Fourth-Order Filter Example

The filter is a fourth-order elliptical Chebychev type with
two transmissions zeros at s1,2 = ± j1.9 (normalized angular
frequency) and RL = 20 dB. Fig. 8(a) shows the node diagram
for this filter where the original coupling matrix is

[m0] =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 1.02 0 0 0 0
1.02 0 0.86 0 − 0.19 0

0 0.86 0 0.78 0 0
0 0 0.78 0 0.86 0
0 − 0.19 0 0.86 0 1.02
0 0 0 0 1.02 0

⎤
⎥⎥⎥⎥⎥⎥⎦

. (29)

The filter is centered at f0 = 2.4 GHz with 7.5% FBW.
The port impedances are Z S = (25 − j10) � and Z L = (80 +
j20) �, and the modified coupling matrix is

[m0] =

⎡
⎢⎢⎢⎢⎢⎢⎣

0 1.02 0 0 0 0
1.02 − 0.42 0.86 0 − 0.19 0

0 0.86 0 0.78 0 0
0 0 0.78 0 0.86 0
0 − 0.19 0 0.86 0.26 1.02
0 0 0 0 1.02 0

⎤
⎥⎥⎥⎥⎥⎥⎦

. (30)

The filter is shown in Fig. 8, where the couplings between
the resonators are realized by adjusting the proximity (di j )
between them. Resonators R2 and R3 are identical and resonate
at the center frequency, whereas R1 and R4 are detuned
according to (14) and (15) resulting in a higher resonant
frequency (2.438 GHz) for the first resonator and a lower
resonant frequency (2.377 GHz) for the last. Fig. 8 also shows
a photograph of the fabricated filter and the layout.

The filter measured scattering parameters are compared
to simulated ones in Fig. 9, where the four poles and two
transmission zeros can be seen. Fig. 10 shows the input and
output reflection coefficients of the filter when terminated in
Z S and Z L . Variation from simulations is due to the fabrication
tolerances and high sensitivity to filter dimensions, which leads
to small shifts in the operating impedances, center frequency,
and FBW.

Fig. 8. Fourth-order elliptical microstrip filter. (a) Node diagram.
(b) Photograph. (c) Layout.

Fig. 9. S-parameters for the fourth-order microstrip filter. The simulated
design works with a source impedance of 25 − j10 � and load impedance of
80 + j20 �. The fabricated filter impedances are shifted to 25 − j5 � and
76 + j14 � for the source and load, respectively.

IV. FPA EXPERIMENTAL DEMONSTRATIONS

Two FPAs are designed for operation in the sub-6-GHz
(FR1) and millimeter-wave (FR2) ranges of the 5G technical
specification [28] utilizing filters as the matching networks,
as shown in Figs. 1(a) and 2. The sub-6-GHz design is centered
at 4.7 GHz with 36-dBm output power and is implemented as
a hybrid circuit with a packaged GaN device. The millimeter-
wave amplifier is a GaAs MMIC with a center frequency
of 28 GHz with an output power of 23 dBm.

A. Hybrid 4.7-GHz GaN FPA

The fabricated hybrid FPA can be seen in Fig. 11. Due to the
low Q-factor of microstrip resonators, and large impact of the
output matching network (OMN) loss on PA efficiency [29],
we use ceramic coaxial resonators (Q = 700, manufactured by
T-Ceram) in the output matching filters. These have a dielectric
constant of 20 and are custom made to work at the specific
frequencies necessary for the design. The PA is designed
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Fig. 10. Complex input and output reflection coefficients of the fourth-order
filter from Fig. 8, plotted from 2.2 to 2.6 GHz.

Fig. 11. Photograph of the hybrid GaN FPA designed for operation at a
center frequency of 4.7 GHz with a 9% bandwidth.

around Qorvo’s T2G6000528-Q3 GaN packaged transistor
and is simulated using Cadence AWR’s harmonic balance
for the nonlinear simulations with a Modelithics nonlinear
transistor model. The substrate is Rogers 4350B with a relative
permittivity of εr = 3.75 and a thickness of 762 μm and with
35-μm copper metallization.

The impedance matching filters (IMFs) at the input and
output are designed to load the transistor with impedances for
an efficiency and output power compromise. The fundamental
impedances of the filters and harmonic terminations [30]
are found using load–pull harmonic balance simulations, and
Fig. 12 shows the load–pull and source–pull contours. It is
worth noting that when the device impedance is highly reactive
and close to the edge of the Smith chart such as the source–
pull contours shown in Fig. 12, the matching becomes more
complicated due to the Bode–Fano limit.

The IMFs are designed to have a second-order Chebyshev-
type response with RL = 15 dB using the coupling matrix
in (27). Both IMFs have a center frequency of 4.7 GHz and 9%
FBW. They use open half-wavelength resonators and quarter-
wavelength inverters at the input and output. The coupling
between the resonators is implemented with a capacitor. The
negative capacitances in the π-network inverter are accounted

Fig. 12. Simulated IMF responses overlaid with 4.7-GHz load–pull and
source–pull contours for Qorvo’s T2G6000528-Q3 GaN transistor. IMF
responses are plotted from 3.4 to 6 GHz.

for by a corresponding frequency shift in the resonators. The
inverter also serves as the dc block in the transistor biasing
network.

The modeling of the transition through the resonator tab in
the output filter is essential. Here, it is modeled as a three-
port network by 3-D EM simulations in Ansys HFSS [finite
element method (FEM)], as shown in Fig. 13(a). A comparison
of the simulation with and without including the geometry of
the tab is given in Fig. 13b, showing the importance of accurate
modeling of parasitic and propagation effects in this transition.
The open end of the resonator is also characterized using the
3-D simulation and is very close to an ideal open circuit,
as expected due to the high permittivity of the dielectric.
Finally, the harmonic terminations are implemented with a
shorted (grounded capacitor) stub that also serves as an RF
choke for dc biasing of the gate and drain.

Small-signal measurements (see Fig. 14) show that the FPA
exhibits a filter response in both gain and input reflection coef-
ficient (�IN). Fig. 15 shows the large-signal performance of the
FPA at the peak-PAE power output (POUT). The measured PAE
for the FPA at the center and the edges of the band is shown
in Fig. 16. The PAE reaches 55% at 4.7 GHz with a saturated
gain of 13.7 dB. The small discrepancies between simulations
and measurements are attributed to fabrication tolerances in
the PCB milling process, as well as the imperfect transistor
nonlinear model.

B. GaAs MMIC 28-GHz FPA

The design procedure is next validated with a GaAs MMIC
implementation in the WIN Semiconductor 150-nm GaAs
PIH1-10 enhancement-mode HEMT process [see Fig. 17(a)].
The active device is an 8 × 75 μm HEMT accomplished
by combining two 4 × 75 μm devices with a via between
them for improved thermal performance. As in the hybrid
design, the gate and drain impedances to be presented to
the device are determined from load–pull simulations using
the manufacturer-provided nonlinear model and EM-simulated
manifolds.
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Fig. 13. (a) Resonator tab transition simulation model (HFSS) showing the
deembedding planes for the three-port network. (b) Comparison of output
IMF performance with and without modeling the tab transition.

Fig. 14. Measured and simulated small-signal gain and input match of the
FPA from Fig. 1.

The input matching network (IMN) is implemented with
a compact coupled-line section, providing a dc block [31].
The output IMF is designed using the theory presented earlier
with the same coupling matrix as given in (27), resulting in a
second-order Chebyshev filter with RL = 15 dB. The center
frequency of this filter is 28 GHz and the FBW is 5%. The
resonators in the IMF are designed for high Q-factor using
thick metal layers and varying resonator dimensions within
the allowed MMIC process range. Careful choice of widths
of the resonator lines and coupling section lengths minimizes
the insertion loss and results in high efficiency and output
power. The output coupled-resonator IMF provides a dc block
for the drain bias. The RF choke and harmonic terminations
are also codesigned following the concept from Fig. 2 and

Fig. 15. Hybrid GaN FPA large-signal simulations and measurements as
a function of frequency, where the dashed lines represent simulations. The
efficiency, output power, and gain are all given at the peak efficiency point
for all frequencies.

Fig. 16. Measured PAE as a function of POUT for the hybrid GaN FPA at
the center and edges of the band.

Fig. 17. (a) Photograph and (b) layout of the GaAs MMIC FPA. The die
size is 2.5 mm × 2.5 mm.

with a grounded capacitor shorted stub at the operating fre-
quency, as in the case of the hybrid FPA. Fig. 17(b) shows
the layout and highlights the IMN, output IMF, and output
biasing/harmonic terminations.

The MMIC FPA is measured on-wafer with a two-tier
coaxial power and S-parameter calibration, followed by an
SOLT on-wafer calibration. Fig. 18 shows the simulated
and measured S-parameters of the amplifier showing agree-
ment. It is worth noting that although the IMF is present-
ing the appropriate impedance to the transistor output for
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Fig. 18. Measured (solid line) and simulated (dashed line) S-parameters of
the MMIC FPA from Fig. 17. All measured parameters track the simulated
ones very closely.

Fig. 19. MMIC FPA large-signal simulations and measurements as a function
of frequency, where the dashed traces represent simulations. All traces are
plotted at the point of peak PAE.

maximizing PAE, this is not a conjugate match and results
in |S22| < −15 dB not being met across the whole band.
A frequency 400-MHz (<1.5%) shift in S11 affects the gain
at the lower end of the band.

Fig. 19 shows the measured and simulated large-signal per-
formance of the MMIC FPA, once again showing agreement
between measurement and simulation. The efficiency, output
power, and gain are all given at the peak efficiency point for
all frequencies. The decrease in measured small-signal gain
compared to simulations from Fig. 18 of about 2 dB near
27.6 GHz, points to a possible decrease in PAE in large-signal
operation. This is seen in the measurements in Fig. 19, where
there is a dip in PAE around 27 GHz. This is likely due to
a frequency shift in the response as well as the suboptimal
thermal environment, as the MMIC was measured directly
on the chuck of the probe station without additional thermal
management which in turn typically reduces the gain. Finally,
Fig. 20 shows the gain and PAE versus output power measured
at three different frequencies.

V. CONCLUSION AND DISCUSSION

In this article, we present a method for codesigning filter-
ing matching networks and PAs with the desired frequency
response, improved efficiency, and reduced footprint. In order
to implement this type of codesign, we developed a theory for
simple design of filters with arbitrary impedance terminations,
using the coupling matrix technique for coupled-resonator

Fig. 20. Measured PAE as a function of POUT for the GaAs MMIC FPA at
three different frequencies in the band.

Fig. 21. Simulation comparison between the designed FPA and a PA where
the OMN is made with a more traditional stub matching and that same PA
cascaded with a filter designed in the same way as the one in the FPA but
using 50 � ports on both sides. The footprint of the FPA is reduced by
approximately 20% when compared to a cascaded PA and filter.

filters as well as a simplified circuit-based technique. The
constraint in this general method is that only internal cross
couplings between the resonators are allowed. The complex-
impedance port formulation is first applied to a simple second-
order filter and a fourth-order filter with cross couplings and
transmission zeros. Two filters are implemented in microstrip
at 2.4 GHz with all-pole and elliptical response, both with
different complex impedances on the two ports. The filter
design and simulations agree well with experiments, validating
the theory.

The approach is then applied to a single-stage high-
efficiency 4.7-GHz, 4-W hybrid GaN FPA within a sub-6-GHz
5G band. The measured performance shows a gain of 15 dB,
PAE = 55% with 9% FBW, and 10-dB rejection at 4.5 and
5 GHz. Scaling to the millimeter-wave 5G band, a GaAs
MMIC FPA at 28 GHz is also demonstrated with 8-dB gain,
200 mW of output power, and PAE = 30% with a rejection
of 8 dB at 26.5 and 29.6 GHz. Fig. 21 shows a simulation
comparison of the 4.7-GHz microstrip FPA with a PA designed
with the same load–pull impedance for a 50-� termination,
cascaded with a filter with the same exact frequency response,
topology, and implementation as the OMF in the FPA for a
fair comparison.

A comparison of the state-of-the-art in co-designed filters
and amplifiers with arbitrary complex impedances is shown
in Table I. Some of the examples in the table are general
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TABLE I

COMPARISON OF FPA WORK. ∗ THEORY ALLOWS nTH ORDER DESIGNS. † ONLY CROSS COUPLING IS THE SOURCE-TO-LOAD ONE. ‡ THEORY ONLY

ALLOWS INTERNAL CROSS COUPLINGS

allowing the nth order filters, whereas others only show only
second- or third-order cases. References [8] and [32] and
do not have complex filter terminations, but rather use a
transmission line section to transform the impedance to a real
value. Chen et al. [16], [17] employed second- or third-order
main-line filter topologies and used evanescent-mode cavity
resonators for output matching at 3 GHz. Guo et al. [18]
presented an output second-order matching filter with source-
to-load coupling at 2.4 GHz. Work described in [19] and [20]
shows X-band filters using large rectangular waveguide cavi-
ties with conjugate matching of the transistors. An extension
to substrate-integrated waveguide (SIW) cavity filters with a
feedback in the transistor is shown in [21], including also a
method to estimate the noise figure from the coupling matrix.
The work presented in this article demonstrates the first MMIC
integrated FPA and the highest frequency implementation.

The theory is general and applies to both input and output
complex-impedance filter matching networks, showing that
reduced size and loss can be achieved by filter-amplifier code-
sign. Implementing the FPA using heterogeneous integration
could result in further miniaturization and reduced loss. The
theory and experimental validation presented here is shown
for narrowband transmitter PAs with the goal of filtering
out-of-band spectral content. An interesting extension of this
work to broadband transmitters should include the frequency-
dependent active device impedance and is a topic of future
research.

APPENDIX

REFLECTION COEFFICIENT EQUIVALENCE

Given a normalized impedance z0( f ), the reflection coeffi-
cient is

�0( f ) = z0( f ) − 1

z0( f ) + 1
. (31)

This reflection coefficient is equal to that of another normal-
ized impedance z f ( f ) = z0( f ) + j x for a source impedance
zS = 1 − j x . To prove this, we express the new reflection
coefficient as [33]

� f ( f ) = z f ( f ) − z∗
S

z f ( f ) + zS
(32)

and substituting the impedance values, we obtain

� f ( f ) = [z0( f ) + j x] − (1 − j x)∗

[z0( f ) + j x] + (1 − j x)

= z0( f ) − 1

z0( f ) + 1
= �0( f ). (33)
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