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Abstract

This paper presents a co-design approach for a microwave amplifier—phase shifter that
integrates an arbitrary termination impedance reflection-type phase shifter as the input
matching network of a microwave transistor. Since the proposed reflection-type phase
shifter input matching network is capable of transforming both real and/or complex
impedances to a system impedance of 50 (), the co-design approach can directly match the
optimum source impedance of the microwave transistor to 50 (2 through a reflection-type
phase shifter input matching network. To validate the proposed method, prototypes of
microwave amplifier—phase shifters with different input matching networks configurations
are designed, fabricated, and measured with a center frequency of 2.45 GHz. The experi-
mental results demonstrate that the proposed co-design microwave amplifier—phase shifter
achieves improved electrical performances compared to the conventional approach, where
a 50-to-50 () termination impedance phase shifter is cascaded with a 50-to-50 (2 termination
impedance conventional microwave amplifier. Measurement results demonstrate that the
gains of a standalone conventional microwave amplifier, a cascaded phase shifter with
a conventional microwave amplifier, and the proposed co-design microwave amplifier—
phase shifter are 14.13 dB, 13.28 dB, and 13.74 dB, while the 1 dB compression points are
25.72 dBm, 24.77 dBm, and 25.26 dBm, respectively. Within the 200 MHz bandwidth, the
proposed co-design microwave amplifier—phase shifter exhibits a maximum phase shift
range of 185.62° and a phase deviation error of £4.3°. The circuit size of the co-designed
microwave amplifier-phase shifter is 38.5% smaller than the conventional cascaded phase
shifter with a conventional microwave amplifier.

Keywords: arbitrary termination impedance; co-design; microwave amplifier; phase deviation
error; phase shift range; reflection-type phase shifter

1. Introduction

Modern communication systems require compact, efficient, lightweight, low-loss, and
high-performance microwave circuits. Microwave circuits with multiple functionalities are
essential for meeting these requirements [1-6]. Microwave amplifiers and phase shifters
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are important circuits in radio frequency (RF) front-end systems. Microwave amplifiers
are typically used to amplify the power level of a signal for long-distance transmission.
Conversely, a phase shifter is an essential circuit used for controlling the phase of a signal
without significantly affecting its amplitude. By adjusting the phase, the propagating signal
can be controlled in order to steer and transmit in specific direction, which is crucial for
applications such as phased array antennas, multiple input and multiple output (MIMO)
systems, and beamforming networks [7-10].

The microwave frequency typically ranges from 300 MHz to 300 GHz, which is divided
into several sub-bands, such as L-band (1~2 GHz), S-band (2~4 GHz), C-band (4~8 GHz),
X-band (8~12 GHz), Ku-band (12~18 GHz), K-band (18~27 GHz), Ka-band (27~40 GHz),
and millimeter bands above 30 GHz. This work chooses a center frequency (f) of 2.45 GHz,
which is in the S-band. More specifically, this frequency is part of the industrial, science,
and medical (ISM) radio bands. The 2.45 GHz ISM band is license-free and has been
standardized around the world, making it popular for a wide range of uses, including
Bluetooth, Wi-Fi, microwave heating, and biomedical telemetry.

Figure 1a shows the typical structure of an RF front-end transmitting system where
phase shifters and microwave amplifiers are individually designed with termination
impedances equal to a system impedance (Zy) of 50 Q). In this conventional approach, if
the return loss (RL) characteristics of individual circuits are not good, then cascading two
circuits may cause signal reflection due to the impedance mismatch. Furthermore, the con-
ventional cascading topology may lead to increases in circuit size, cost, and degrade overall
electrical performances, resulting from the increasing insertion loss (IL) by mismatching
and additional devices such as adaptor and cable. To mitigate these disadvantages, Fig-
ure 1b illustrates a co-design approach, where the phase shifter is matched directly to the
optimum source impedance (Zg) of the microwave transistor, eliminating the need for
additional input matching networks. Therefore, the co-designed approach can allow the
circuit miniaturization and performances improvement of the RF front-end by eliminating
a number of components (such as additional matching networks, connecting cables, and
adapters) and their corresponding ILs.
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Figure 1. RF front-end transmitter of a wireless communication system: (a) conventional cascading
design topology and (b) proposed co-designed microwave amplifier phase shifter (CPS: conventional
phase shifter; CIMN: conventional input matching network; COMN: conventional output matching
network; AMN: antenna matching network).

In recent years, various configurations of phase shifters have been investigated. Based
on their circuit topologies, these phase shifters can be classified as transmission types [11,12]
and reflection types [13-20]. Compared to transmission-type configurations, reflection-
type phase shifters can provide good RL by using identical reflection loads connected
at the through and coupled ports of the 3 dB branch-line hybrid. Recently, numerous
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techniques have been explored for designing single-band /dual-band reflection-type phase
shifters [13-15] and wideband reflection-type phase shifters [16]. In [17-19], in-band
phase deviation error minimization techniques have been explored using coupled lines.
Meanwhile, a highly compact single-unit reflection-type phase shifter with large phase
shifter range was presented in [20]. Additionally, the tunable reflection-type phase shifter
was described in [21-23]. Although there are significant advancements in reflection-type
phase shifter design, the conventional reflection-type phase shifter is designed for a fixed
50 ) termination impedance, which limits design flexibility, especially when integrating
reflection-type phase shifter with other circuits.

To overcome the limitations of conventional reflection-type phase shifters, this work
proposes a new arbitrary termination impedance reflection-type phase shifter. This arbitrary
termination impedance reflection-type phase shifter is then used as an input matching
network of a microwave transistor in the co-design of the integrated microwave amplifier—
phase shifter. The proposed phase shifter can provide not only phase control functionality
but also offer impedance matching functionalities so that the optimum source impedance
of the microwave transistor is directly matched with the arbitrary termination impedance
reflection-type phase shifter. This co-design approach leads to improved gain, output
power, reduced circuit size, and simplified design complexity compared to the traditional
cascading approach. To validate the effectiveness of the proposed co-design methodology
of the microwave amplifier—phase shifter, three prototypes of microwave amplifiers with
different input matching networks were designed, fabricated, and measured.

2. Design Method

Figure 2 shows the co-design of the microwave amplifier—-phase shifter, which is
composed of the proposed reflection-type phase shifter as the input matching network,
microwave transistor, and output matching network. The phase of the input signal can
be controlled by using reflection-type phase shifter input matching network realized with
arbitrary termination impedance 3 dB branch-line hybrid and reflection loads.

RTPS IMN
Reflection load ATI 3-dB Branch-line Hybrid

1) Za @ Input port
o

Zo Ves
Zs Zo MT
................ A.
Ci N
< .
® Zc @ ;i i Z:s Output port
R L 1

Figure 2. Structure of the proposed co-design of the microwave amplifier—phase shifter (RTPS:
reflection-type phase shifter; IMN: input matching network; ATI: arbitrary termination impedance;
MT: microwave transistor; COMN: conventional output matching network).

2.1. Arbitrary Termination Impedance 3 dB Branch—Line Hybrid

Figure 3a illustrates the proposed structure of the arbitrary termination impedance
3 dB branch-line hybrid, in which the input, through, coupled, and isolation ports are
terminated with Z; = R; & jX;, where i =1, 2, 3, and 4, respectively. For convenience, the
intersection points of each branch are denoted by nodes 1, 2, 3, and 4. To match the complex
impedance to real impedance (R;), the imaginary part (X;) of Z; must be canceled using
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either the capacitor (C;) or inductor (L;). Depending on the sign of the imaginary part of Z;,
the values of C; and L; can be determined as follows:

1
C = for + X; 1)
1 w0|Xi| 1
X
Li = |w;| for _Xi (2)

where wy is the angular center frequency. Once X; is cancelled, pure real impedance
R; remains at each node, which will transform from one node impedance to another
node impedance by the proposed 3 dB branch-line hybrid. Since the 3 dB branch-line
hybrid consists of quarter-wavelength (A/4) transmission lines (TLs), the characteristic
impedances can be found by using equivalent structure with isolation characteristics shown
in Figure 3b,c.

ATI 3-dB
L, Branch-line Hybrid L

Z; =Ry jX,
THAAA—Oo— © " : >
Coupled \UAnJ ¥ Coupled Uarj ¥
C3 R, C3 R
(b)

L

Figure 3. Arbitrary termination impedance 3 dB branch-line coupler: (a) full structure, (b) simplified
structure under the assumption of 1S4 | = 0, and (c) reciprocal structure of (b) (ATIL: arbitrary
termination impedance).

If the isolation port is perfectly isolated (i.e., 15411 = 0), there is no signal coupled
to node 4 when the signal is excited at node 1. Under this condition, the input power is
equally divided between nodes 2 and 3, denoted as d; and d,, respectively, as shown in
Figure 3b. The resulting power ratio between d; and d, is 1:1. So, the voltage across R; at
node 2 is equal to that across TL Zp terminated with R3 at node 3. Therefore, the impedance
(Zin1) looking into the TL Zp terminated with R3 must be R; [24]. Denoting M = R, /2 as
the equivalent impedance of parallel Zi,; with R; at node 2, the characteristic impedances
Z4 and Zp of TL can be defined as follows:

Za= 3)

Zp = \/RoRs (4)

Similarly, due to reciprocal characteristics, the circuit in Figure 3c is the simplified
equivalent circuit in condition input signal exited at node 3. The voltage across R4 at node
4 is equal to that across TL Zp terminated with R; at node 1. Thus, the impedance (Zin2)
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of TL Zp terminated with R; must be R4. Assuming N = R4/2 as equivalent impedances
of parallel Z;,, with R4 at node 4, the characteristic impedances Z¢ and Zp of TL can be
expressed as follows:

R3Ry
> 5)

Zp = \/RiRy. (6)

For equation validation, the calculated parameters for arbitrary terminated 3 dB
branch-line hybrids with different termination impedances are shown in Table 1. The
simulation was performed using advanced design system (ADS) software. Based on (1)-(6),
the values of Cy;, Ly, Za, Zp, Zc, and Zp are calculated at f of 2.45 GHz.

Zc =

Table 1. Calculated values of C;, Lyy, Za, Zp, Z¢, and Zp according to different Z,, at fo = 2.45 GHz.

Z, [O] Z, [O] Z; [O] Z4[O)] C; [pFl or L; [nH] (i = 1~4) Z) [0 Zg [O] Zc [O] Zp [O]
Case 1 20 50 30 80 0/0/0/0 22.36 38.73 34.64 40
Case 2 25 50 —j60 40 +j20 120 0/39nH/3.25pF/0 25 44.72 48.99 54.73
Case 3 35 — j40 30 +j125 75 — j60 45+j10  2.6nH/0.52 pF/3.9nH/6.5 pF 2291 47.43 41.08 39.69

The simulated electrical performances of the designed 3 dB branch-line hybrids are
shown in Figure 4. Although termination impedances are different from 50 (), the optimum
RL characteristic can be achieved at fy, as can be seen in Figure 4a,b. Moreover, the proposed
arbitrary termination impedance 3 dB branch-line hybrid provides high isolation between
the through and coupled ports, as shown in Figure 4c. Figure 4d depicts the phase difference
between the output ports of the arbitrary termination impedance 3 dB branch-line hybrid. A
phase difference of 90° is achieved at the center frequency fj.
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Figure 4. Simulated electrical performances of the arbitrary termination impedance 3 dB branch-line
hybrld (a) |511| and |S44|,(b) |522| and |S33|,(C) |521 |, |S31 I,and |S32|,and(d)4|831| — 4|821|
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2.2. Arbitrary Termination Impedance Reflection-Type Phase Shifter

Figure 5a shows the proposed structure of the arbitrary termination impedance
reflection-type phase shifter that consists of the arbitrary termination impedance 3 dB
hybrid, where the through and coupled ports are terminated with two identical reflection
loads. In this proposed reflection-type phase shifter, the input, through, and coupled ports
are terminated with Z (Z1 = Z, = Z3 = Zy), while the output (or isolation) port is terminated
with arbitrary termination impedance Z4 = R4 =+ jX4. Figure 5b depicts the structure of
reflection load, which is composed of a short-circuited TL with characteristic impedance Z,
and electrical length 6,, in a series with a varactor diode with capacitance C,.

ATI 3-dB Hybrid

Z
“ @4° Za @ Inputport

Reflection
Load

C4 Z4 :R4ijx4

@— o -o— AN
.......................... 7 @ z. @ Luw Output port
ref 0 R4 L4

+ Cv,max,
4
7

Vmin

X2 () () +jXo( 1)

Figure 5. Proposed arbitrary termination impedance reflection-type phase shifter: (a) overall struc-
ture, (b) equivalent circuit of reflection load, and (c) phase shift range concept (ATI: arbitrary
termination impedance).

By considering ideal TLs (i.e., no loss and no dispersion) and an ideal varactor diode
with no junction resistance (i.e., R; = 0 (1), the input impedance of the reflection load Z,
can be defined as follows:

Zref :][Xl(f)+X2(f)] 7)
where
X1(f) = Z, tan 6, (8)
1
Xa(f) = e )

Assuming ideal perfect characteristics of the 3 dB arbitrary termination impedance
hybrid, the transmission phase of the reflection-type phase shifter is equal to the phase
of the reflection coefficient (I') of the load. Therefore, the I" of the reflection load can be

expressed as follows:
r - X () + X (f)] = Zo (10)

jIX1(f) + X2 ()] + Zo

As shown in Figure 5b, the reflection load consists of two reactive elements, which
are jX1(f) and jX»(f). By properly selecting 8, of the short-circuited TL between 0° to 90°,
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jX1(f) can cover part of the upper side of the Smith chart, shown as jX(f) in Figure 5c.
Simultaneously, jX»(f) consists of a varactor diode that can cover the lower part of Smith
chart, transitioning from Cy yax to Cy, iy as the bias voltage varies from V,;, to Vi, as
shown in jX5(f) in Figure 5c. Once jX;(f) is series connected with jX5(f), their combined
effect enables a wider reactance range, thereby broadening the achievable phase shift range,
as demonstrated by jX;(f) + jX»(f) in Figure 5c. Therefore, the transmission phase (¢) of
the reflection-type phase shifter can be calculated as (11) using the reflection coefficient of

the load:
¢=4D:4mn{&UE$Mﬂ} a1

As aresult, the phase shift range (A¢) of the proposed arbitrary termination impedance

reflection-type phase shifter can be expressed in the following equation, where V varies
from Vi, t0 Viyax [9]:

v Ply — dly, . if dly,. < Ply_

Lastly, the in-band phase derivation error (¢,,) within the operating bandwidth (BW)
can be defined as the difference between the maximum and minimum values of A¢ | y:

max(A¢)|y, — min(A¢)|,,

(Perr == >

(13)

To achieve high phase shift range with low phase deviation error within the operating
BW, values of Z,, 8, and C, should be chosen carefully. In this work, the SMV1231 varactor
diode from Skyworks Inc. is used as variable capacitor C,, which provides a tuning
capacitance range of 0.33 pF to 4.78 pF, as shown in Figure 5a.

To select the optimum circuit parameters of the proposed arbitrary termination
impedance reflection-type phase shifter, Figure 6b,c illustrate the calculated phase shift
range and phase deviation error according to the variations of Z, and 6;. In these figures,
the color bars represent phase shift range and phase deviation error values. As can be
observed in Figure 6b, higher phase shift ranges can be achieved by increasing Z, while
keeping 6, fixed, or vice versa. However, the maximum phase shift range of 245° can be
achieved, and further increasing Z, and/or 6, results in a decreasing phase shift range.
Meanwhile, once the phase shift range reaches its maximum value, further increases in
Z, and/or 0, result in a continued increase in phase deviation error up to a certain point
before it starts to decrease, as demonstrated in Figure 6¢. Therefore, appropriate Z, and 6,
can be selected through a trade-off between the desired values of phase shift range and
phase deviation error.

In this paper, the arbitrary termination impedance reflection-type phase shifter was
designed to achieve a phase shift range of over 180° while maintaining a phase deviation
error of less than £+8° across the operational BW of 200 MHz at the center frequency (f) of
2.45 GHz. For the validation of the proposed arbitrary termination impedance reflection-
type phase shifter, Figure 7 shows the simulated S-parameters of the three proposed
reflection-type phase shifters where the input port is terminated with 50 () and the isolation
port is terminated with three different Z4, as shown in Table 2. To see the phase shift
range and phase deviation error tendencies, each proposed reflection-type phase shifter is
terminated with three different reflection loads, specifically three different pairs of Z, and
6. As can be seen from Table 2, a high-phase shift range (>200°) and low-phase deviation
error (<£7.4°) within the desired BW can be achieved by selecting Z, =50 () and 6, = 45°.
This result reveals that by carefully selecting Z, and 6,, the proposed arbitrary termination
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impedance reflection-type phase shifter can simultaneously provide

a high-phase shift
range, a low-phase deviation error, and a good RL.

5
4 SMV1231 equivalent circuit model
Port 1 Port 2
Cp
3 7 Lp

Capacitance (pF)

O T T T T
0 . 6 9 12 15
Bias Volatge (V)
(a)
PSR (%) PDE (°)
2%0 120
225
200 105
175 90
150 75
125 60
100 5
75
50 30
25 15
0 0
20 40 60 80 100 120 20 40 60 80 100 120
Z.(Q) Z,(Q)
(b) (c)

Figure 6. Parametric study of reflection load: (a) capacitance variation according to DC-bias voltage,
(b) phase shift range according to Z, and 6, at fy = 2.45 GHz, and (c) phase deviation error according
to Z, and 6, within BW of 200 MHz (PSR: phase shift range; PDE: phase deviation error).

0 e MAXITT
gy, [Syland (Sl 1Sl ..,,,n"""
= Ch 'y L%t
% -204 Z,=80Q 3% ~~~~..:'o'..
T | eeees Sn ) ,q“ ;::
% ol S, :o )
D404 ... e %*
“g S 3
i Z,=45+j10Q Z,=60 - j70 Q
S =604  eeees S, B eeees Sy,
S22 ----- S22
%0 e IS21 , , , I I Sy, I I
20 2.1 22 23 24 25 26 27 28 29 30
Frequency (GHz)

Figure 7. Simulated S-parameters of ATI reflection-type phase shifter.

Table 2. Simulated values of phase shift range = A¢max and phase deviation error = ¢y within BW

of 200 MHz at f = 2.45 GHz for different Z4, Z,, and 6,. Z are units in [(}] (PSR: phase shift range;
PDE: phase deviation error).

Z1,2,,73 Zy Cyl Ly Zx Zp Zc Zp Z, 0, (°) PSR (°) PDE (°)
50 80 0 35.36 50 44.72 63.25 30/50/80 30/45/60 157.8/214.5/233.2 3.8/7.4/39.8
50 45 +j10 C4 =6.5pF 35.36 50 33.54 47.43 30/50/80 30/45/60 157.8/214.5/233.2 3.8/7.4/39.8
50 60 — j70 Ly =455nH 35.36 50 38.73 54.77 30/50/80 30/45/60 157.8/214.5/233.2 3.8/7.4/39.8
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3. Experimental Results

For performance comparison, all microwave amplifiers in this work were designed at
fo =2.45 GHz with a target operational BW of 200 MHz. The type of microwave transistor
used in this work is GaAs MESFET, specifically AH102A-G from Qorvo, which operates
at frequencies from 350 MHz to 3 GHz. The optimum input (Zjn) and output (Zour)
impedances of microwave transistors can be obtained by performing source and load
impedance analyses based on the provided S2P file using ADS software. The S-parameters
of the transistor are chosen under the bias conditions of Vps =9V, Ips =200 mA.

Figure 8a shows a small signal equivalent model of GaAs MESFET [25]. Addition-
ally, Figure 8b illustrates gain circles plotted at the three frequencies (i.e., fi = 2.35 GHz;
fo =2.45 GHz; and fy = 2.55 GHz). The flat gain performance can be achieved by selecting
Zour at the point where these three gain circles are closest to each other. Therefore, the
impedances Zjy = 18 — j7 () and Zoyt = 47 + j18 () are selected. The source impedance
(Zs) and the load impedance (Z}) are complex conjugates of Zjy and Zoyr, respectively.

e il VR O / LS S
Zour=4T+j18Q [/
Gain =14.15dB

pravt| /

f.=235GHz |\
fo=245GHz |\
A

)
By
*
~
)
)
o
0

Cys £
& Rs Cus :
u‘ QI 1 1=
Rl E 'E o | « | ot [<v o> b,
FE s o[ AH102A-G S
oo s [T 4 |

()
Figure 8. AH102A-G transistor (a) small signal equivalent model and (b) gain circles and impedances
selection. Parameters: Cgs = 2.09 pF; ng =0.116 pF; C45s = 0.3 pF; g =0.393 S; R; =36 (); Rz =55 (;
V=9V.

Figure 9a shows the structure of the conventional microwave amplifier, where the
conventional input matching network and conventional output matching network are real-
ized using T-type TL topology. The conventional input matching network is implemented
using an open-circuited stub (TL;) in series with a transmission line (TL;) to match the
optimum source impedance Zg. Similarly, the conventional output matching network is
realized using a short-circuited stub (TL3) in series with TL4 to match the optimum load
impedance Z;. The TL3 of conventional output matching network is also used as a DC feed
line by shorting TL3 with the bypass capacitor (Cy,). All circuits presented in this paper are
implemented using Taconic-TLY PCB with &, = 2.2 and & = 0.787 mm. For soldering and
realization purposes, three TLs with Z,3; = 50 Q) and 0,55 = 10° are added to the network.
The circuit layout with the physical dimensions of the conventional microwave amplifier is
presented in Figure 9b. Figure 9c demonstrates the comparison of S-parameters obtained
from EM simulation by using high-frequency structure simulator (HFSS) software and
measurements. The simulation and measurement results are agreed well, and a minimum
gain of 14.13 dB and a RL of 20.1 dB are achieved within the desired BW.
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Figure 9. Conventional microwave amplifier design: (a) structure, (b) PCB layout with physical
dimensions, and (c) S-parameters. Circuit dimensions: Wy = 2.38; W, = 0.7, W3 = 3.4; L1 = 10;
L, =11.82; L3 =4.45,L, =11.9; L5 =2; Lg = 4.7; Ly = 12 [unit: millimeter] (CIMN: conventional input
matching network; COMN: conventional output matching).

3.1. Conventional Cascaded Design of the Microwave Amplifier—Phase Shifter

To design the conventional cascaded MA-PS, the microwave amplifier and the
reflection-type phase shifter are designed individually by assuming port impedances
of 50-to-50 Q). Figure 10a depicts the PCB layout with the physical dimensions of the
conventional reflection-type phase shifter by using the 3 dB branch-line hybrid [26]. The
design goals of the conventional reflection-type phase shifter are to achieve a phase shift
range of >180° and a phase deviation error of <£8° within a bandwidth of 200 MHz at
fo = 2.45 GHz. The circuit parameters of the conventional reflection-type phase shifter
are given as Zy = Z¢ =35.36 (); Zp = Zp =50 (); Z, = 50 ); 6, = 45°; and C, of varactor
diode SMV1231, which provide capacitance ranging from 0.33 pF to 4.87 pF by varying the
voltage from 0 V to 15 V. The values of Z, and 0, are selected using the method described
in Section 2.2. For practical realization, additional TLs with parameters of (W;’/L;") and
(W1'/Lg’) are used as soldering pads. Additionally, to vary the capacitance of the varactor
diode, a single V¢ feeding line (W3'/Ly") with Zpc =100 Q) and 6 = 90° is connected to the
middle of the conventional reflection-type phase shifter vertical branch. These additional
TLs affect the phase shift range and phase deviation error of conventional reflection-type
phase shifter. Figure 10b illustrates the comparison of the phase shift range between the
EM simulation and measurement results. The measured phase shift range is 188.97° with a
maximum phase deviation error of +6° within the desired BW. Furthermore, a comparison
of S-parameters between EM simulation and measurement results is shown in Figure 10c,
where the maximum IL of 0.52 dB and minimum RL of 22 dB are obtained within an
operation band ranging from 2.35 GHz to 2.55 GHz.
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Figure 10. Conventional reflection-type phase shifter: (a) PCB layout with physical dimension;
(b) phase shift range; and (c) S-parameters. Circuit dimensions: W' = 2.38; W,' = 3.95; W3’ = 0.8;
Ly =2; Ly =23.2; L3’ = 4; Ly’ = 11.87 [unit: millimeter] (PSR: phase shift range).

Figure 11a depicts the circuit layout of the cascaded microwave amplifier-phase shifter,
where the output port of the conventional reflection-type phase shifter is connected to the
input port of the conventional microwave amplifier. As the space between the input port
of conventional reflection-type phase shifter and conventional input matching network of
conventional microwave amplifier is too small, the additional TL with physical parameters
of (W1 /L,") is used and bent by 90° for the input port connection. Figure 11b,c show the
phase shift range and S-parameters comparison between the simulation and measurement
results of the conventional reflection-type phase shifter cascaded with a conventional
microwave amplifier at fy of 2.45 GHz, respectively. Since the conventional reflection-
type phase shifter contains IL, the cascading conventional reflection-type phase shifter
with conventional microwave amplifier can degrade electrical performances such as gain
and output power. In addition, if each of these circuits is not perfectly matched to 50 (2,
additional losses will occur due to an impedance mismatch. As a result, the measured
maximum phase shift range is 195.35° at f; and the maximum phase deviation error over
BW of 200 MHz is £6.14°, which is comparable to the simulation. Moreover, minimum
return losses (S11 and Spp) of 16.2 dB and a minimum gain (S;1) of 13.28 dB are achieved.



Appl. Sci. 2025, 15, 7539

12 of 17

i P
. . 50 Q port
L, L L
- > ‘ =
L - I
= C‘. )i V}/” c —FVDS
Ve 1 bp —i
Coo f""'—l_ Cy > WI" IHH Choise
= -u—||-p L ! : ~W,
i LI« | i ' = - w, Ly
., b v @ & “:’ Output
= »H - + W MR ey /4] port
ot C, Ly ot T mALA
m DCeyp L, 7 50 Q
6 DCep I
(a)
——0V —0—2V —ﬁhl4V -5V 8V =0=—15V —
270 1= ; : 10 S e i
1200 MHz! 11_Sim.
[ — S 200 MHz; .......
225 : ...... a 0 ‘S11| ‘ 21| S22 Sim
180 | E E """"" SZIfSu‘n .........
B T H .
> : : 57109 o 3
< s : Lopgeesnenn, N &
B 135 NG o . . §201 TS N e
L] Ui g : : p
901 | I 4301 ISyl 5 5 1 Meas.
45 b : : E P E SZZﬁMcas.
[ T —40 Vo V550 Meas
! ! H !
0 e e O ———
20 2.1 22 23 24 25 26 27 28 29 30 0 21 22 2'3Fr§'ie§és (é'ltz)lz)z'7 e
Frequency (GHz) q y
(b) (c)

Figure 11. Conventional reflection-type phase shifter cascaded with conventional microwave am-
plifier: (a) PCB layout with physical dimension, (b) phase shift range, and (c) S-parameters. Circuit
dimensions: W1 =2.38; L1 = 15.5; L," = 14 [unit: millimeter] (PSR: phase shift range).

3.2. Co-Design of the Microwave Amplifier—Phase Shifter

Figure 12a shows the physical layout of the proposed co-design microwave amplifier—
phase shifter. In this proposed microwave amplifier—phase shifter, the input matching
network is designed using an arbitrary termination impedance reflection-type phase shifter,
whereas the output matching network remained the same as the conventional output
matching network. Since it is difficult to connect the capacitor C4 to the gate pin of the
microwave transistor, a TL with (W;'/L3*) parameters is used. According to this additional
TL, Zs =18 +j7 Q) is transformed to Z4 = 19.05 + j13.33 (). The impedance Z4 will be used
in the calculation for the design parameters of the proposed reflection-type phase shifter
input matching network. By using (1), the high-Q capacitor C4 = 4.87 pF is used to cancel
the imaginary part of +j13.33 Q). It is noteworthy that this C, also functions as a DC-block
for the supply voltage fed from the reflection-type phase shifter. The remaining resistance
of 19.05 Q) is considered terminated impedance R4 at node 4. Therefore, Z4 = 35.36 (),
Zp=50Q), Zc =21.82 Q), and Zp = 30.86 () are calculated using (3)—(6). Meanwhile, the
reflection load is identical to that used in Section 3.1, specifically Z, = 50 (), 6, = 45°, and
Cy, ranging from 0.33 pF to 4.87 pF.
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Figure 12. Proposed co-design microwave amplifier with arbitrary termination impedance reflection-
type phase shifter: (a) realized structure with dimensions, (b) phase shift range, and (c) S-parameters.
=2.38; Wy* =3.95; W3* = 2.38; Wy* = 6.4, Ws* =4.25; L1* = 5; L,* = 23.2;
L3* = 2 [unit: millimeter] (PSR: phase shift range).

Circuit dimensions: W1*

Figure 12b,c present a detailed comparison of phase shift range and S-parameters be-
tween the simulated and measured results of the proposed co-design microwave amplifier—
phase shifter circuit at fo of 2.45 GHz. Figure 12b shows the phase shift as a function
of frequency for various DC bias voltages from 0 V to 15 V, which demonstrate that the
measured phase increases with the increasing of bias voltage and reaches a maximum
of 185.62° at 15 V. Notably, the phase shift range has been observed to exhibit consistent
behavior across the BW of 200 MHz with a maximum in-band phase deviation error of
+4.3°. The results reveal that our proposed structure exhibits stability and tunability. The
corresponding S-parameters across the frequency range from 2 GHz to 3 GHz are displayed
in Figure 12c. In 200 MHz, the maximum return losses (S1; and Syy) of 16 dB and the
minimum gain (Sy1) of 13.74 dB are achieved.

3.3. Results Comparison

Figure 13 shows photographs of prototypes of a standalone microwave amplifier, a
proposed co-design microwave amplifier with a reflection-type phase shifter input match-
ing network, and a conventional reflection-type phase shifter cascaded with a conventional
microwave amplifier. In this work, capacitors from Tekelec are used and are listed in
Table 3. Meanwhile, the measured S-parameters of all fabricated prototypes are shown
in Figure 14a, where the gains of the standalone conventional microwave amplifier, the
conventional reflection-type phase shifter cascaded with conventional microwave amplifier,
and the proposed co-design microwave amplifier-phase shifter are 14.13 dB, 13.28 dB, and
13.74 dB, respectively. As can be seen from these results, the proposed co-design microwave
amplifier—phase shifter exhibits a higher gain across the entire frequency range than the
conventional reflection-type phase shifter cascaded with a conventional microwave am-
plifier, highlighting its effectiveness in enhancing gain performance. For output power
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measurements, a continuous-wave signal is used. Figure 14b shows the measured output
power and gain of all fabricated microwave amplifiers according to input power (P;,). By
increasing Pj, from —15 dBm to 15 dBm, the output power reached its 1 dB compression
point (P14p). At fy, the measured output power at P14p of the conventional microwave
amplifier is 25.72 dBm. Similarly, the P14 of conventional reflection-type phase shifter cas-
caded with the conventional microwave amplifier and the proposed co-design microwave
amplifier—phase shifter are 24.77 dBm and 25.26 dBm, respectively. At P14p, the gains of
the standalone conventional microwave amplifier, the conventional reflection-type phase
shifter cascaded with the conventional microwave amplifier, and the proposed co-design
microwave amplifier—phase shifter are 13.11 dB, 12.25 dB, and 12.73 dB, respectively. Even
though the conventional microwave amplifier exhibits the highest gain, this circuit does
not consider phase shift functionality. The phase shift range and phase deviation error
performance comparison of the conventional reflection-type phase shifter cascaded with
conventional microwave amplifier and the proposed co-design microwave amplifier phase
shifter can be found in Table 4.

Input port
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5] 8Nl E
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37.13 mm

42 mm
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Figure 13. Photograph of fabricated microwave amplifiers: (a) conventional microwave amplifier,
(b) proposed co-design microwave amplifier with reflection-type phase shifter input matching net-
work, and (c) conventional reflection-type phase shifter cascaded with conventional microwave
amplifier (IMN: input matching network; CIMN: conventional IMN; COMN: conventional output
matching network; RTPS: reflection-type phase shifter; CRTPS: conventional RTPS; CMA: conven-
tional microwave amplifier).

Table 3. Parameters of capacitors used in Figures 10a, 11a and 12a.

Target Part Number of Used Capacitors Measured Capacitances at 2.45 GHz
Choise = 0.1 pF VJ0603DOR1VXPA] Choise_meas. = 0.13 pF
Cyp =33 pF 0603NSR2AW251 Cap.mens. = 32.92 pF
DCqp =20 pF 0603N5R6AW251 DCap_meas. = 20.1 pF
Cy =4.87 pF 0603N3R3AW251 Cy_meas. = 4.9 pF
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Figure 14. Comparison results of three fabricated microwave amplifiers: (a) gain and (b) Pout
and gain according to Pj, (CMA: conventional microwave amplifier; RTPS: reflection-type phase
shifter; CRTPS: conventional RTPS; MA: microwave amplifier; CMA: convetional MA; IMN: input
matching network).
Table 4. Electrical performances summary of three fabricated microwave amplifiers above a 200 MHz
bandwidth (MA: microwave amplifier; PSR: phase shift range; PDE: phase deviation error; CRTPS:
conventional reflection-type phase shifter; CMA: conventional microwave amplifier; IMN: input
matching network; MA-PS: microwave amplifier—phase shifter).
MAs Gain (dB) Pi4p (dBm) PSR (°) PDE (°) Size
CMA 14.13 25.72 - - 042 A x 0.37 Ag
CRTPS cascaded with CMA 13.28 24.77 195.35 +6.14 1.06 Ag X 0.47 Ag
Proposed co-design MA-PS 13.74 25.26 18562 +43 0.74 Ap x 0.50 Ag
201.17 +6.14

Table 4 summarizes the key performance metrics of the three fabricated prototypes.
The proposed co-design circuit demonstrates superior gain and power compared to the
conventional cascaded design. Within 200 MHz BW, the proposed co-design microwave
amplifier—phase shifter exhibits a maximum phase shift range of 185.62° with a phase
deviation error of £4.3° while the conventional reflection-type phase shifter cascaded with
a conventional microwave amplifier provides a maximum phase shift range of 195.35°
with a phase deviation error of £6.14°. This result indicates that the proposed co-design
microwave amplifier—phase shifter provides a lower phase deviation error than a conven-
tional reflection-type phase shifter cascaded with a conventional microwave amplifier. If a
phase deviation error of +6.14° within the operating BW is used, the proposed co-design
microwave amplifier—phase shifter provides a higher phase shift range and a wider BW
than the conventional reflection-type phase shifter cascaded with a conventional microwave
amplifier. Besides this, the proposed co-design microwave amplifier with the reflection-
type phase shifter input matching network also achieves an approximate size reduction of
38.5%. These improved performances and compact sizes demonstrate the advantages of
the co-design method, rather than cascading individual circuits.

4. Conclusions

This work introduces a co-design methodology for a microwave amplifier—-phase
shifter. By integrating the reflection-type phase shifter as the input matching network of the
microwave transistor, the optimum source impedance of the microwave transistor matches
50 Q) directly. For experimental validation, a standalone conventional microwave amplifier,
a conventional reflection-type phase shifter cascaded with a conventional microwave
amplifier, and a proposed co-design microwave amplifier—phase shifter were designed,
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fabricated, and their results were compared at f( of 2.45 GHz. The co-designed structure
exhibits a measured gain of 13.74 dB and P1dB of 25.26 dBm. At 200 MHz, the designed
phase shifter achieves a phase shift range of 185.62° with a phase deviation error of +4.3°.
The proposed co-design microwave amplifier-phase shifter not only offers higher gains
and better output power performances but it also has a 38.5% smaller size and less design
complexity than the typical conventional reflection-type phase shifter cascaded with a
conventional microwave amplifier. The proposed topology is effectively suited for the
compact and high electrical performances of RF front-end transmitter systems.
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ADS Advanced Design System

BW Bandwidth

HFSS High-Frequency Structure Simulator
IL Insertion Loss

MIMO  Multiple Input and Multiple Output
RF Radio Frequency

RL Return Loss

TL Transmission Line
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