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Abstract—This paper reports the first co-design configuration of
a power amplifier (PA) in cascade with a high- bandpass filter.
By matching the filter’s input port directly to the transistor’s
drain node, the conventional output matching network (OMN)
of a PA is entirely eliminated. This leads to smaller size/volume,
minimized loss, and enhanced overall performance. To enable this
co-design method, the matching-filter synthesis theory is proposed
and investigated in detail in this paper. Based on this theory, a 3%
bandwidth (centered at 3.03 GHz) two-pole filter, implemented
using high- evanescent-mode cavity resonators, is designed as
the PA OMN to provide optimized fundamental and harmonic
impedances for a commercial 10-W GaN transistor. Simulation
and measured results show that the co-designed PA-filter module
yields a desired Chybeshev filter behavior while maintaining
excellent PA performance in the passband with 72% efficiency,
10-W output power, 10-dB gain, and 60-dBm output third-order
intercept point. This co-designed module experimentally presents
a 8% higher overall efficiency compared to a control group de-
veloped using a conventional independent PA and filter, which
further validates the effectiveness of this method.

Index Terms—Co-design, efficiency, evanescent-mode (EVA)
cavity, filter, GaN, matching network, power amplifier (PA),
quality factor, resonator, synthesis.

I. INTRODUCTION

H IGH power amplifiers (PAs) are typically followed
by post-selection bandpass filters in modern wire-

less transmitter front-ends. This cascade topology has been
extensively utilized with various functionalities, such as trans-
mitting-channel multiplexing [1], [2], harmonic rejection [3],
and spectrum regulation [4], [5]. Moreover, the recently de-
veloped digital (burst-mode) transmitters require a low-loss
bandpass filter at the PA output to reconstruct the amplitude
information from pulse-width or delta–sigma modulation while
maintaining a high efficiency and linearity [6]–[8].
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Fig. 1. PA and bandpass filter in cascade. (a) Conventional topology. (b) Co-de-
signed module.

Conventionally, the PA and filter are independently de-
signed based on 50- system impedance, as illustrated in
Fig. 1(a). Nevertheless, given the non-negligible insertion loss
(IL) of a narrowband filter due to the limited quality factor, the
overall performance of a PA-filter module may be degraded
significantly, e.g., a 1-dB IL results in a drop of PA efficiency
from 80% to 60%. Furthermore, additional loss may be
introduced from the inter-connection line and mismatch be-
tween the PA and filter. To limit the loss term to the lowest
possible level, the PA output matching network (OMN) can
be entirely eliminated by designing the filter input impedance
to directly match the transistor output, which usually needs
a non-50- and complex impedance, as shown in Fig. 1(b).
This co-design approach leads to a reduced circuit complexity,
smaller size/volume, minimized loss, and enhanced overall
efficiency. Particularly, it provides an effective solution for the
applications in which a small size may take the top priority,
e.g., pico and femto base-stations [9], [10].
It is also important to note that in most of the applications,

the filter bandwidths need to fit those of the signals [6], [11],
which are typically less than 1%. Therefore, resonators with
high quality factors are of great importance for such output fil-
ters to ensure a low IL and thus a boosted overall system perfor-
mance. Recently, high- evanescent-mode (EVA)
cavity resonators have been widely exploited to implement nar-
rowband filters [12]–[16], achieving very narrow bandwidths
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( 1%), low ILs ( 3 dB), and very large spurious-free regions
(17:1 in [17]). Compared to the regular rectangular or circular
cavities, the EVA cavity yields a good compromise in terms of

and size. Moreover, these EVA cavities can be directly inte-
grated on the same substrate as the PA [13], [15]. Those charac-
teristics particularly enable the co-design technology of the PA
and filter.
In [18] and [19], the co-design concept has been investigated

with a PA and single resonator. In this research, the co-design
approach is expanded to multi-pole filters. As a key enabler
for this technology, the matching filter theory is studied in de-
tail in this paper based on the coupling matrix, which is equiv-
alent to the methods presented in [20] and [21]. Specifically,
the synthesis of a second-order Chebyshev bandpass filter with
non-50- input impedance is presented, which is transformed
to a physical design with substrate-integrated EVA cavities. We
also present, for the first time, the detailed procedure for real-
izing the PA-filter module, including filter-response shaping and
harmonic matching to perfect the efficiency. The implemented
circuit exhibits a desired Chybeshev filter response with an ef-
ficient measured performance throughout the passband. More-
over, a standalone PA and filter are developed and cascaded as
a control group for performance comparison. It is seen that the
overall efficiency of the conventional PA-filter cascade is highly
sensitive to the inter-connection-line length. This practical issue
can be completely avoided by using the co-design approach, and
it experimentally presents an efficiency 8% higher than a spe-
cific control group with an inter-connection line of 156 elec-
trical length.

II. MATCHING FILTER DESIGN THEORY

Traditionally, microwave circuits are designed under the con-
dition that the impedance of the input and output ports are 50
so that they can be cascaded with other 50- -based microwave
circuits. Microwave filters are usually designed such that they
exhibit the prescribed frequency response when their input and
output ports are connected to 50- systems. Specifically, mi-
crowave bandpass filters are initially synthesized with the nor-
malized input and output impedances, while impedance scaling
is applied to design 50- -based microwave bandpass filters.
However, if another circuit, which is supposed to be connected
to the filter, has a non-50- impedance, then a 50- -based mi-
crowave filer is not the optimum solution in terms of the max-
imum power transfer from one circuit to the other circuit in the
cascaded system.
In this paper, we design a microwave bandpass filter for

connection to the output port of the PA. Conventionally, a PA
is realized using a transistor followed by an OMN, which al-
lows us to cascade the PA with other 50- -based microwave
circuits. However, this OMN becomes unnecessary if the fol-
lowing stage can provide a desired impedance for the tran-
sistor. In the PA-filter case, the microwave filter can be de-
signed to yield a non-50- input impedance desired by the
transistor. This co-design method allows us to remove the
OMN of the PA.
In this investigation, a second-order Chebyshev-response

bandpass filter is designed with 15-dB equi-ripple return loss.

A normalized coupling matrix of the
second-order filter is given by

(1)

where and denote input and output external cou-
plings, respectively, and represents inter-resonator cou-
pling. and stand for the detuning of each resonator’s
resonant frequency from the center frequency of the filter’s fre-
quency response. (or ) indicates that the first
resonator (or second resonator) is tuned to the center frequency
of the filter response. The relationship between a non-zero
and the resonant frequency of the first resonator is given by

(2)

where is the center frequency and is the fractional band-
width. For a non-zero , we can find the resonant frequency
of the second resonator, , by replacing in (1) by . The
second-order Chebyshev-response bandpass filter with 15-dB
equi-ripple return loss for the 1- system can be obtained by
using well-known filter synthesis procedures [2], [3], and it is

(3)

The identical response can be obtained for the case that the
impedance of the input port of the filter is other than 1- . It can
be done by having different and values [22]. In this
paper, we present a simple design equation so that the filter with
an arbitrary input impedance can be designed with ease. It can
be derived by considering the normalized input impedance seen
looking into the input port of the filter at the center frequency.
The filter with the coupling matrix (1) with has the
normalized input impedance of [23]

(4)

at the center frequency. Butterworth and Chebyshev filters have
. With , (4) becomes

(5)

If we want to have the identical frequency response with a dif-
ferent input impedance, the values need to be modified. The
input impedance of the filter with the coupling matrix

(6)
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Fig. 2. Frequency responses of the example filter synthesized with non-1-
: (a) plotted in the regular 1- system and (b) plotted with
.

is

(7)

Therefore, the identical frequency response can be achieved
when the input port of the filter is connected to a source with
the normalized impedance of under the condition that

(8)

For example, the filter can be designed to have the second-
order 15-dB-equiripple Chebyshev response with the normal-
ized input impedance of within the passband by
setting and . Fig. 2 shows the fre-
quency response of the filter designed to have the second-order
15-dB-equiripple Chebyshev response with a normalized input
impedance of within the passband, center fre-
quency of 3.0 GHz, and fractional equi-ripple bandwidth of 3%.
Fig. 2(a) shows that the filter exhibits a distorted response when
its input port is connected to the 1- load. On the other hand,
Fig. 2(b) shows that the filter exhibits the desired response when
its input port is connected to the load due to
the conjugate matching. It is of note that we can obtain a de-
sired frequency response from a filter with an arbitrary input
impedance by synthesizing a filter assuming that the impedance

Fig. 3. Load–pull simulation results of the CGH40010 GaN transistor at
3.0 GHz. (a) Fundamental impedance. (b) Second-harmonic impedance.
(c) Third-harmonic impedance.

of both input and output ports are 1 followed by modifying
and using (8).

III. DESIGN OF HIGH- EVA-CAVITY FILTER AS OMN

A. Transistor Selection and Characterization

To experimentally demonstrate the co-design concept of a PA
and filter, a GaN transistor (Cree CGH40010F) is selected as
the power device of this circuit module. The transistor is char-
acterized using load–pull simulation with Agilent’s Advanced
Design System (ADS) [24]. The multi-harmonic load–pull
simulation results are presented in Fig. 3. Fig. 3(a) shows
the optimal fundamental impedances at 3 GHz for achieving
maximum power-added efficiency (PAE) and maximum output
power, respectively, while the contours of PAE (red in online
version) and (blue in online version) are also plotted.
For PA design at such a high frequency, optimal impedance
matching of higher order harmonics is very important to ensure
a high PA efficiency. Fig. 3(b) and (c) shows the PAE contours
of the second and third harmonics, indicating the regions in
which the filter’s harmonic impedances need to be located
to ensure a high PAE. The load–pull simulation provides the
reference impedance for designing the filter as an OMN of the
PA.

B. Matching-Filter Realization

Based on the filter synthesis theory presented in Section II,
a 3%-bandwidth 15-dB equi-ripple second-order Chebyshev
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Fig. 4. EVA cavity filter. (a) 3-D illustration. (b) Description of the EVA res-
onator.

bandpass filter is designed and realized with substrate-inte-
grated EVA cavity resonators, as shown in Fig. 4(a). Fig. 4(b)
illustratively shows the cross-section view of a single EVA
resonator and the internal electromagnetic field distribution.
To implement this resonator in a printed circuit board (PCB)
substrate, the electrical boundary of the cavity is defined by via
holes, as shown in Fig. 4. By placing a capacitive loading post
in the center, the electric field is predominantly concentrated in
the gap between the post and the bottom wall, which represents
an effective capacitor. The magnetic field circles between the
sidewall and the post, forming a shorted coaxial line, which
represents an effective inductor. Since the - and -field are
all stored in air and the current is distributed throughout the
side wall, a very high quality factor can be achieved with this
resonator type.
The design of an EVA cavity resonator with an optimized

quality factor has been well studied in [13], [15], and [16].
This work follows a similar approach in which the modeling
and simulation are performed using Ansoft’s High Frequency
Structure Simulator (HFSS) [25]. The final geometrical dimen-
sions of the EVA cavity is listed in Table I. A gap spacing of 20
m is selected here to result in a resonant frequency of 3 GHz,
and the simulated unloaded quality factor is around 680. The
major high-power limitation of the EVA resonator is the gas dis-
charge in the m-scale gap spacing. It is presented in [26] that
the EVA cavities are gas-discharge-free for operating at a 10-W
power level, indicating that this design is within the safe range of
high-power operation. The two-pole filter is constructed using
two EVA resonators, as shown in Fig. 4(a). These two resonators
are coupled through a coupling iris that forms the internal cou-
pling coefficient and determines the filter bandwidth.
The external couplings are realized using slot apertures that are
aligned with the direction of the magnetic field inside the cavity.
The values of the external coupling coefficients, and ,
are determined by the lengths of the slots. The geometries of

TABLE I
EVA CAVITY PARAMETERS

Fig. 5. Finalized OMN with the two-pole EVA cavity filter.

these coupling structures are eventually optimized using HFSS,
which are indicated in Fig. 5.
In conventional PA design, the impedance of the OMN is

normally set to the point that leads to either maximum PAE
or maximum power . It can be seen

from Fig. 3 that and share the same real
part ( 11 in this design), while their imaginary parts are both
very small ( , ).
Therefore, the filter’s input impedance is tuned to the real
value of 11 by properly selecting (lengthening the input
coupling slot, as shown in Fig. 5) in (7), while the imaginary
part of is kept to zero by setting to 0 (resonator 1 is
not de-tuned). The small complex offset of is obtained by
placing a short tuning line with length of in front of the filter.
It is important to note that this transmission line (TL) is neces-
sary here to place the bias line and dc-block capacitor for the
transistor [19]. To match the transistor impedance with a large
imaginary part (e.g., a bare-die transistor [27]), a non-zero
can be utilized to perform the matching by de-tuning the res-
onant frequency of resonator 1. This can result in the shortest
possible tuning line.

C. Optimization of Fundamental and Harmonic Matchings

The matching filter theory in Section II underlines that a But-
terworth or Chebyshev filter response can be achieved for any
given impedance of the source. In this co-design case, how-
ever, the filter’s input port is not matched to a static source
impedance, but the transistor’s output with a frequency-depen-
dent impedance behavior. Thus, the filter’s input impedance
needs to be properly selected to result in a desired frequency re-
sponse of the entire PA-filer module. However, it is found in this
design that neither of the conventional optimal points (
and ) leads to an expected Chebyshev filter response
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Fig. 6. Simulated output power frequency response under a 28-dBm input stim-
ulus for different load impedance provided by the filter.

Fig. 7. Simulated versus frequency provided by the filter.

of the entire module, as indicated in Fig. 6. Using ADS simu-
lation, an optimized filter response (red curve in online version
of Fig. 6) can be obtained by optimizing the tuning-line length

. The load impedance is eventually set to a point in be-
tween and mm , as shown in
the inset of Fig. 6, leading to a flat passband and symmetrical
skirt. Fig. 7 shows the input impedance of the designed filter (red
dashed line in online version), extracted from full-wave simu-
lation using HFSS. It can be seen that an optimized impedance
matching is achievedwith this filter, yielding
an excellent balance between PA performance and filter shape,
which are both important in this co-design case.
In addition to the fundamental impedance matching, har-

monic impedance matching is also important for achieving
a high efficiency. As shown in Fig. 7, the second harmonic
impedance of the initial filter does not fall in the high-ef-
ficiency region. Therefore, the bias line is utilized to further
tune the harmonic impedance, similar to the approach pre-
sented in [19]. This bias line is realized using a high-impedance
(106 ) short-ended TL appended to the TL between transistor
and filter. By properly selecting the bias-line length (5.5 mm,
30° at 3.1 GHz), the second harmonic impedance is tuned to

the high-efficiency region while the fundamental impedance al-
most remains the same, as shown in Fig. 7. The third harmonic
impedance is located in the optimal region for both the initial

Fig. 8. Circuit schematic of the co-designed PA-filter module.

and bias-line-tuned filters, compared to the load–pull result
shown in Fig. 3(c).

IV. DESIGN AND IMPLEMENTATION OF THE

ENTIRE PA-FILTER MODULE

A. PA Design

To complete the design of the entire circuit, the input
matching network is realized using a single open-ended stub
[28], which provides an input impedance of at 3.0 GHz.
The circuit schematic of the co-designed PA-filter module is
plotted in Fig. 8. A 17-nH inductor is connected to the end of
the stub, and a 250- resistor is in series with the inductor as
the amplifier stabilizer. From simulation using manufacturer’s
models, this network provides an impedance of
at a frequency higher than 3 GHz, which presents an effective
open. Another 17-nH inductor is connected to the end of the
output bias line to further prevent RF power leakage. This
inductor actually has no contribution to the output matching
since the bias line is short ended by a bypass capacitor. The
two 20-pF capacitors are connected to the transistor’s gate and
drain as dc-blocks. Those surface mount devices also introduce
extra parasitics, which were considered in the circuit design.
For example, the parasitics of the output dc-block capacitor,
mainly represented by a series inductance, can be compensated
by slightly reducing the length of the tuning line [29].
Simulation of the entire circuit schematic is performed using

the harmonic-balance (HB) simulator in ADS together with
the filter model extracted from HFSS, as described in Fig. 8.
Fig. 9(a) shows the simulated efficiency and output power
from 2.7 to 3.4 GHz with a constant 28-dBm input stimulus,
indicating a 40-dBm output power throughout the passband
and a maximum efficiency of 77% at the center frequency of
3.03 GHz. Fig. 9(b) presents the de-embedded drain current and
voltage waveforms when the circuit is operating at 3.03 GHz.
A high-efficiency operation of the PA can be seen from the
current–voltage waveform shape, indicating a harmonic-tuned
saturated PA mode [30]–[32].

B. Fabrication

The PA-filter module is fabricated in a single 3.175-mm-thick
Rogers TMM3 substrate. The front side and back side of the
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Fig. 9. Simulated results of the circuit schematic. (a) Output power and effi-
ciency versus frequency with a 28-dBm input power. (b) Intrinsic drain wave-
forms of voltage and current at 3.03 GHz.

fabricated circuit are shown in Fig. 10(a) and (b). The packaged
transistor is placed in a metallized slot that is cut into the sub-
strate. Fabrication of the EVA cavities follows a process sim-
ilar to those of the standalone tunable filters in [13] and [16].
The cavity and the capacitive post are milled out inside the sub-
strate. The electrical boundary of the cavity resonator is defined
by copper-plated through-substrate vias. To seal the cavity, two
thick copper plates are attached to the substrate by mechanical
pressure using screws. The desired 20- m gap is defined by
copper plating, as shown in the inset of Fig. 10(b). Compared
to our previous works presented in [18] and [19], this fabrica-
tion technology avoids the utilization of low-conductivity silver
epoxy for cavity sealing, leading to an enhanced quality factor.

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Continuous Wave (CW) Measured Results

The fabricated circuit is first measured using an Agilent
E8361C performance network analyzer (PNA). Fig. 11(a)
shows the measured small-signal frequency response, in-
cluding , , and . In this measurement, the transistor
gate is biased at a class-AB point, leading to a quiescent current
of 260 mA at V. The curves of and indicate a
desired Chebyshev filter shape similar to the standalone filters,
while the passband has a small-signal gain of around 15 dB.
The simulated equal-ripple return loss is around 14.5 dB,
slightly lower than the design value of 15 dB. This is basically
caused by the load-line matching condition imposed in the PA
design, introducing slight mismatch in the small-signal case.
The shape is similar to a regular PA design, as the high-

filter is completely isolated by the transistor seen from the input
port. The measured reflection coefficient, , is from around

Fig. 10. Fabricated PA-filter co-design module. (a) Front side. (b) Back side.

Fig. 11. Measured and simulated frequency responses of the co-designed PA
and filter. (a) Small signal. (b) Large signal.

3 to 7 dB, slightly lower than the regular PA design such
as reported in [33]. This is mainly due to the fact that the input
matching network in this design does not include any additional
stabilization resistance (e.g., series and parallel resistors to the
gate) since this amplifier have already been stable. In practical
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Fig. 12. Measured and simulated PA performance with a 28-dBm frequency-
swept input stimulus.

applications, might need to be further reduced by improving
the input matching [33]. Simulated results are also plotted in
Fig. 11(a) for comparison, which match well with the measure-
ment. It is important to highlight that the simulated presents
a 14.2-dB equi-ripple, slightly lower than the target value of this
design. This is mainly due to the slight mismatch in the input
port, induced by the load-line matching imposed in the PA de-
sign.
Fig. 11(b) shows the large-signal frequency response of the

co-design PA-filter circuit. It can be seen that the gain drops
as the input power level increases from 18 to 28 dBm, which
is due to the PA saturation. At the low input power of 18 dBm,
the large-signal frequency response is consistent with the small-
signal results, as expected.
The high-power CW test is then performed on the PA-filter

module. In this case, the transistor gate is biased at the pinch-off
point of 3.3 V, while the drain is maintained at 25 V. The CW
signal is generated by an Agilent E4433B signal generator and
boosted by a commercial PA (ZHL-16W-43 , Mini-Circuits)
to provide a sufficiently large input power to drive this PA-filter
module. The PA output power is measured using an Agilent
E4419B power meter. Fig. 12 shows the measured output power
and efficiency across the frequency range from 2.7 to 3.4 GHz
with a constant input power of 28 dBm, indicating a measured
efficiency of 71% at the center frequency of 3.05 GHz. An ef-
ficiency of 50% and output power of 40 dBm were measured
across the entire passband. A good agreement betweenmeasure-
ment and simulation can also be seen from Fig. 12.
Subsequently, the dynamic response of the PA is measured

by varying the input power from 14 to 29 dBm, as shown in
Fig. 13. Gain compression occurs when the input power reaches
25 dBm and the highest PAE of 68% is achieved when the input
power is greater than 27 dBm. The circuit is further character-
ized with various drain bias voltages under a constant 28-dBm
input stimulus. As shown in Fig. 14, optimized efficiency and
PAE are achieved at the drain voltage of 25 V, which is utilized
throughout the entire measurement.

B. Linearity Evaluation Using Two-Tone Signal

The linearity performance of the co-designed PA and filter
is evaluated using a two-tone signal. The two-tone spacing is

Fig. 13. Measured PA performance versus input power at the center frequency
of the passband.

Fig. 14. Measured PA performance under various drain bias conditions.

Fig. 15. Measured and simulated linearity performance using two-tone signal.

selected based on the passband of the PA-filter module. Thus,
these two tones are placed at the upper and lower edges of the
filter passband, i.e., 3 and 3.06 GHz, respectively. Fig. 15 shows
the measured and simulated results under a two-tone stimulus,
including the output powers of fundamental and third-order in-
termodulation (IM3) components. The output third-order inter-
cept point (OIP3) is extracted by sweeping the input power of
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Fig. 16. Independent PA and filter cascade circuit for comparison.
(a) Schematic model. (b) Actual circuit.

the two-one signal, as illustrated in Fig. 15, leading to a mea-
sured OIP3 of around 60 dBm. It is also seen from the simula-
tion that 25 dBc of IM3 is achieved even at the saturated
power level. These results compare favorably to those of the
reported high-linearity PA designs [34], [35], indicating an ex-
cellent linearity performance of this PA. This is due to the com-
bined contribution of the PA operation mode and narrowband
filtering effect of the OMN.

C. Comparison and Discussions

It has been shown in Sections V-A and V-B that the co-de-
signed PA-filter module exhibits the desired filter behavior in
its frequency response and good PA performance in the filter
passband. To further validate the effectiveness of this approach
compared to the conventional one, a control group is developed
with a standalone harmonic-tuned high-efficiency PA and a reg-
ular 50- filter, which are connected in cascade via a coaxial
adaptor, as shown in Fig. 16. The detailed design of the high-ef-
ficiency PA has been presented in [36]. The filter is implemented
using the same EVA technology as the one in the co-design
module. The simulated and measured frequency responses of
the designed filter are shown in Fig. 17, indicating good agree-
ment between these two cases. The simulated and measured ILs
are 0.45 and 0.88 dB, respectively. This is mainly due to the
slightly degraded of the fabricated EVA resonator.
For the PA-filter cascade topology in Fig. 16(a), it is found

that the overall performance is highly dependent on the elec-
trical length of the inter-connection structure, which is mod-
eled as a 50- TL in both lossless and lossy cases. This is be-
cause the PA is highly sensitive to the output impedance at both
fundamental and harmonic frequencies. The reflection between
the PA and filter on the inter-connection line is a very com-
plicated phenomenon [37]. However, the overall efficiency of
the entire topology can be easily extracted from HB simulation
using ADS. It is seen that the filter causes a significant efficiency
drop from that of the standalone PA (83.5%) due to the filter’s
IL and mismatch. The simulated efficiency (at saturated power

Fig. 17. Measured and simulated frequency response of the 50- filter.

Fig. 18. Simulated effect of inter-connection line (ideal lossless line and lossy
line with loss-tangent ) on the overall performance of the cascade of
independent PA and filter.

level) versus is plotted in Fig. 18, showing a large fluctuation
of the efficiency varying from 65% to 79%. This is mainly due
to the fact that the input impedance of the standalone filter is
not exactly 50 , as shown in Fig. 17, so that different leads
to different impedance presented to the PA output. If the loss of
the inter-connection line is considered, the efficiency is further
degraded as increases. The estimated total electrical length of
the inter-connection line is around 156 , as indicated in Fig. 18,
jointly contributed by the on-board lead TLs and the coaxial
adaptor. This leads to an overall efficiency of around 71%–72%
for the control group, which is 5% below the co-design case in
ADS simulation.
In the experiment, a power-swept CW measurement is con-

ducted with the control group at the center frequency of the
filter at around 3.03 GHz. The measured results are shown in
Fig. 19 for comparison. It can be seen that the filter experimen-
tally causes an efficiency drop of the PA from 80% to 64% at
power saturation of around 40 dBm, while the co-design ap-
proach enhances the overall efficiency to around 72%. These re-
sults underline that, in a real system, the length of the inter-con-
nection line between the PA and filter needs to be properly tuned
to yield a good overall performance, or the filter effect can be
lifted by placing a circulator between them. However, both of
them lead to increased complexity, space, and loss. The co-de-
sign approach is an effective solution that achieves an optimized
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Fig. 19. Comparison of measured performance between conventional and
co-designed modules.

Fig. 20. Comparison of linearity performance (simulated IM3 at saturated
power) between conventional and co-design modules.

design of the PA and filter building blocks in a microwave trans-
mitter front-end.
The linearity performances of these two cases are also com-

pared. Fig. 20 shows the simulated IM3 at saturated power level
versus different frequency spacing of the two tones. For
small ( 20 MHz), the co-designed PA and filter exhibits
lower IM3, indicating a better intrinsic linearity of the PA due
to the fact that the IM3 components are still located in the
passband. When is larger than 20 MHz, the IM3 decreases
due to the filtering effect, while the conventional design starts
to present better linearity. In general, the linearity feature
of the co-designed PA and filter compares favorably to the
conventional design, which means that the validated efficiency
enhancement is not achieved by suffering linearity.

VI. CONCLUSION

This paper has presented an innovative co-design method
of the PA in cascade with a high- bandpass filter. Instead of
matching the transistor to 50- impedance and connecting to
a 50- filter, the transistor is directly integrated with the filter,
thus eliminating the conventional OMN of the PA. This reduces
the circuit size, complexity, and loss to the lowest possible
level, eventually leading to a higher overall efficiency. As a key
enabling technique, this paper develops a systematical method-
ology of designing the matching-filter with non-50- input

impedance. A two-pole EVA filter is designed and implemented
as the OMN of a 10-W GaN transistor, yielding optimally tuned
fundamental and harmonic impedances. A desired Chybeshev
filter behavior is obtained with the co-designed PA-filter circuit
module, which also presents an excellent PA performance in the
passband in terms of both efficiency and linearity. Specifically,
72% efficiency, 10-W output power, 10-dB gain, and 60-dBm
OIP3 were measured. These promising results demonstrate that
this co-design technology achieves a global optimization in
transmitter design, while it is expected to be in great demand
for many applications that require a compact circuit size.
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