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ABSTRACT Vector modulators (VM) and phase shifters are essential components in phased array antennas
with electronic beam steering. This work presents an IQ reflection-type vector modulator using PIN diodes,
designed and implemented to operate at 28 GHz. An extensive characterization was carried out, especially
concerning bandwidth and input/output return losses. This modulator is capable of producing a 360◦ phase
shifting with aminimum attenuation of 14 dB at 28GHz, and has ameasured bandwidth of 3.6 GHz. A digital
control system for the vector modulator was also developed, allowing to obtain pre-selected constellations
points, with a measured 0.4 dB of maximum absolute error in amplitude and 2.6◦ in phase. Additionally,
the designed VM was employed in a practical application, where analog beamforming is implemented in a
4× 4 transmitter phased array allowing to perform a complete electronic control of the radiation pattern of
the array.

INDEX TERMS Vector modulator, phased array, phase shifter, variable attenuator, pin diode, beamforming.

I. INTRODUCTION
Phased Arrays are currently the cornerstone in various tech-
nologies using wireless communications, such as 5G, Satel-
lite, or radar systems, in its many applications, from medical
imaging to surveillance and security, in military applications
or in autonomous vehicles [1]–[6].

A Phased Array Antenna (PAA) consists of an array of
radiating elements in which each element can be fed with
different phase delays, directing the array’s radiation beam.
This steering is performed electronically, leading to a faster
and more flexible system, and requiring less maintenance
than the mechanical systems [7]. Phased Arrays operating
in mmWaves meet some important requirements of those
systems, enabling low-profile antennas, high bandwidth, and
spatial filtering capabilities through electronic beamforming.

The associate editor coordinating the review of this manuscript and

approving it for publication was Davide Comite .

Adaptive antennas using beamforming are a technological
evolution of phased arrays, which shape and steer the beam
of an antenna array, adapting it to the surrounding envi-
ronment, optimizing the communication. This technology
uses sophisticated signal processing techniques to estimate
weights, in the form not only of phase differences, but also of
relative amplitudes of the signals that feed each element of the
array, producing a specific radiation pattern. Beamforming
can be implemented in the digital domain (Digital Beamform-
ing), in the analog domain (Analog Beamforming) or in both
(Hybrid Beamforming) [8]. Although Digital Beamforming
is the most flexible, it may not be suitable for large-scale
antenna arrays, because the performance and related costs of
the required digital hardware can be a bottleneck. This article
focuses on Analog Beamforming.

To deal with the beam direction in a PAA system, it is
necessary to control the phase of the signals that feed each
element of the antenna array, therefore, it is necessary to use
Phase-Shifters (PS) for this. These devices are fundamental
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in modern and smart systems, and are subject to a great
attention and research, looking for more versatile, compact,
and efficient solutions, suitable to antenna array systems.
Additionally, in the more evolved architectures using beam-
forming, variable amplifiers or attenuators are still needed.

These components can be implemented in different stages
of a transceiver, in baseband (BB), in the intermediate-
frequency (IF) stage, at the local-oscillator (LO) unit, or in
the radio frequency (RF) part. However, when implemented
in RF, there is the advantage of using less mixers, eliminating
the need of a mixer per element. It is in this sense that a lot of
research and many solutions have been developed, given the
simplicity and potential low cost that the implementation in
RF offers, especially in large-scale antenna arrays.

Phase shifters can be passive or active [9]. The passive
PS offers more linearity and zero DC power consump-
tion, and the most common structures are the Loaded-Line
Phase Shifter [10], [11], the Switched-Delay Lines Phase
Shifter [12] and the Reflection-Type Phase Shifter (RTPS)
[13]–[16]. In some reports, limitations were identified regard-
ing, for example, the range of phase variation, or even because
some are inherently digital (Switched-Delay Lines) and do
not allow a continuous phase shift. The RTPS stands out
among these solutions. It consists of a 90◦ hybrid coupler
where reactive terminations are applied, such as variable
capacitors (varactors) or variable inductors, allowing phase
shifting.

Three decades ago, Devlin and Minnis [17] presented
a new concept by modifying the above mentioned RTPS
structure, replacing the variable capacitors (or inductors) by
Field-Effect Transistors (FET’s) functioning as variable resis-
tors (cold transistors) and thus obtaining a Reflection-Type
Bi-phase Variable Attenuator (RTBVA). With two RTBVA’s
operating in quadrature, they implemented the first IQReflec-
tion Type Vector Modulator (IQ-RTVM), which allowed the
ability to control not only the phase in a 360◦ range, but
also the amplitude [18], simultaneously. Since then, this new
structure has received a lot of interest, given the importance
it has for mmWaves Phased Arrays and also in direct modu-
lation transmitters [19]–[22].

Several versions concerning the structure of a vector
modulator have been reported, where most of them are
carried out through integrated circuits. In [19] is presented
a 30 - 40 GHz MMIC IQ vector Modulator with pHEMT
transistors functioning as variable resistors, with 5 dB of
minimum insertion loss,±2◦ phase error and±0.3 dB ampli-
tude imbalance. In [20] the authors show a much wideband
IQ vector modulator, made in a 0.13 µm CMOS process,
with 20 - 40 GHz frequency range, less than 13 dB of
minimum insertion loss and modulation bandwidth larger
than 1 GHz. A BPSK modulator in a MMIC GaAs process
is shown in [22] where even higher bandwidth (40 GHz) is
achieved, from 25 to 65 GHz, modulation bandwidth greater
than 500 MHz, minimum insertion loss less than 10 dB, less
than 6◦ of phase imbalance and less than 0.9 dB of amplitude
imbalance.

In some reports, the authors present different techniques
to deal with the negative effects caused by parasitic elements
in the transistors, such as balanced configurations [19], [23],
the use of bond-wire parasitic inductance [24] and also the
introduction of series inductance and shunt resistor [25].
Unfortunately, there are only a few versions implemented in
Printed Circuit Board (PCB) for K/Ka band reported in liter-
ature. In [26] and [7], the authors present a phased array radar
for 24 GHz, implementing an IQ-RTVM using a RTBVA
with PIN diodes [27] as a variable resistance element. They
achieved a phase variation range of 360◦ and a minimum
10 dB insertion loss.

To the best of our knowledge, no work has been
reported, where a broader characterization has been made on
IQ- RTVM’s PIN diodes based, especially focusing on the
frequency bandwidth, and the variation of reflection coeffi-
cient at input/output ports as a function of S21. In this work a
microstrip IQ-RTVMwas designed, implemented, and exten-
sively characterized, using PIN diodes, and operating in the
K/Ka band.

The constellation of IQ points obtained through S21 param-
eter over the frequency is provided, as well as the minimum
attenuation as a function of frequency (with 360◦ of variation
range), thus obtaining the 3-dB bandwidth. It is also possible
to observe how the return loss at input/output ports varies
with the attenuation of the modulator, for different frequen-
cies. An electronic circuit devoted to the digital control unit
for the modulator was created. Finally, to demonstrate the
functionality and applicability of this system, an experimental
test was carried out on a 28 GHz, 4 × 4 transmitter phased
array.

This document is organized as follows. Section I introduces
the work, provides a brief description of the state-of-the-art,
and presents the main objectives. In section II a theoretical
introduction to IQ-RTVM is made, starting by explaining the
reflection-type bi-phase variable attenuator. Next, the integra-
tion of two RTBVA resulting in a reflection-type IQ vector
modulator is explained, and finally the implemented cir-
cuit is presented. The digital control circuit is described in
section III and the modulator’s characterization is shown in
section IV. A practical application is presented in section V
with measurement results and finally, in section VI the main
conclusions are taken.

II. VM ANALYSIS AND DESIGN
The vector modulator concept is based on the mathematical
principle which states that a vector v is the sum of its orthog-
onal components I and Q, as illustrated in Fig. 1.

As can be seen in Fig. 2, in a vector modulator two orthog-
onal signals are created from an input signal x(t) through
a 90◦ splitter and, before adding them to obtain y(t), these
components are properly attenuated, resulting in a signal at
the output port that is a replica of x(t) scaled by a factor A
and a phase change of φ.

Equations (1) to (3) demonstrate the relationship between
the input and output of the vector modulator when the circuit
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FIGURE 1. A vector (v) decomposed into two orthogonal components.

FIGURE 2. Vector modulator block diagram.

is excited by a sinusoidal signal x(t) = cos (w0t)

y (t) = AI cos (w0t)+ AQ sin (w0t)

=

√
A2I + A

2
Q cos

(
w0t − arctg

(
AQ
AI

))
= A cos (w0t − φ) . (1)

Being,

A =
√
A2I + A

2
Q (2) (2)

φ = arctan
(AQ
AI

)
. (3)

A. REFLECTION-TYPE BI-PHASE VARIABLE ATTENUATOR
An RTBVA is illustrated in Fig. 3 and consists of a 90◦

hybrid coupler and two variable resistors. The input port of
the attenuator is the input of the hybrid (port 1) and the
output is the isolation port (port 2). The resistance of the two
variable resistors are always identical and are connected to
the transmission ports 3 and 4, which are 90 degrees delayed.

Assuming a characteristic impedance of Z0 = 50 �,
the operating principle can be explained as follows. When
the resistors have 50 � value, 0t= 0, ports 3 and 4 (-90◦ and
0◦ respectively) are matched, therefore, the signal applied at

FIGURE 3. Reflection type bi-phase variable attenuator block diagram.

the input will be completely dissipated in the resistors and
no signal will reach the output. The resistors can be varied
between 0� and Rmax (where Rmax�50�). As soon as the
resistor value is changed from 50�, the reflection coefficient
0t is no longer zero and will tend to −1 if the resistor value
tends to 0 �, and to 1 if the resistor value tends to Rmax,
resulting in a reflected signal from the resistors and forwarded
to the output port (i.e. to the isolation port).

Note that according to (4), the reflection coefficient of the
resistors changes the signal around 50 �, which will cause a
phase inversion in the output port signal.

0t =
Zt − Z0
Zt + Z0

(4)

The S-parameters of the RTBVA can be obtained from the
S-parameter matrix of an ideal 90◦ hybrid coupler (with ports
numbered accordingly to Fig.3).

V−1
V−2
V−3
V−4

 = − 1
√
2


0 0 1 j
0 0 j 1
1 j 0 0
j 1 0 0



V+1
V+2
V+3
V+4

 (5)

To obtain the S21 we simply solve the equation for
V−2
V+1

and,

knowing that 0t =
V+3
V−3
=

V+4
V−4

, it gives

S21 = j0t (6)

|S21| = |0t | (7)
6 S21 =

π

2
sign (0t) . (8)

The S11 is obtained solving (5) for
V−1
V+1

and, with the knowl-

edge that V+3 = −jV
+

4 , we get

S11 = 0. (9)

Lastly, S22 is also zero, which can be inferred by the symme-
try of the circuit. In Fig. 4 it’s possible to observe the results
of a RTBVA simulation with ideal components.

Regarding the variable resistance, among the various
options available, PIN diodes were chosen since despite they

FIGURE 4. Simulated RTBVA: attenuation and phase response.
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work as a typical diode when operating at low frequencies,
at high frequencies they behave like a resistor. In this work,
the MA4PBL027 [28], a MACOM silicon beam PIN diode,
was used. This diode has low parasitic elements (series resis-
tance, capacitance, and inductance), a fast switching speed,
low insertion loss, and high isolation, making it highly recom-
mended for use in microwave and millimeter wave designs.
Fig. 5 shows the equivalent model of the PIN diode for
high frequencies when forward biased. The intrinsic parasitic
values correspond to a maximum series resistance of 4.0
�, a series inductance of 0.15 nH and a total capacitance
(Cj+Cp) of 0.04 pF. Typically, for a bias voltage ranging from
0.9 V to 0.4 V, the intrinsic resistance ranges from 0 � to
Rmax.

FIGURE 5. PIN diode high-frequency model.

However, as seen in the model, it has parasitic elements,
such as capacitors and inductors that will contribute to a
performance degradation of the attenuator. In fact, other non-
idealities, such as the non-zero hybrid insertion loss, or if the
resistors limits may not be exactly 0 � and Rmax, certainly
will introduce losses in the RTBVA causing a minimum
non-zero attenuation and a limit on the maximum attenuation
possible, between its input and output, as well as some phase
variation.

B. IQ REFLECTION-TYPE VECTOR MODULATOR
The appropriate combination of two RTBVA’s, using an
additional quadrature hybrid coupler and a power combiner,
results in an IQ-Reflection Type Vector Modulator, as illus-
trated in Fig. 6.

The operation concept of this structure implies that the
input signal is divided by the hybrid coupler into two orthog-
onal signals, the I and Q components, which are then applied
to the respective RTBVA. These attenuators will in turn mod-
ulate each signal component in amplitude and, eventually a

FIGURE 6. IQ-reflection type vector modulator block diagram.

phase inversion will occur, depending on the value of the
variable resistances of the RTBVA.

Then, the two quadrature signals are added in the power
combiner, thus obtaining an IQ vector modulator capable of
changing the phase and amplitude of the input signal in a 360◦

range with an attenuation factor between 0 and 1. Therefore,
considering the attenuation in each RTBVA as AI and AQ
respectively, an input signal applied to the IQ-RTVM, will
appear at the output with a gain factor A (2) and a phase
shifting φ (3).

C. IQ-RTVM DESIGN
The vector modulator was designed on a RO4350B sub-
strate (thickness 0.254 mm) using microstrip technology. The
circuit is mainly composed by three 90◦ hybrid couplers,
aWilkinson power combiner and four PIN diodes. The layout
of the designed IQ-RTVM is shown in Fig. 7.

FIGURE 7. Layout of the designed IQ vector modulator.

The circuit was designed based on lines with characteristic
impedance of Z0 = 68 �. This Z0 was selected to achieve
a reasonable ratio between the length and width of the lines
in the circular couplers. Additionally, their circular shape
optimizes the functionality and avoid undesirable coupling.

Nevertheless, two quarter-wavelength microstrip trans-
formers were placed at the input and output to match the
ports to 50�. The bias circuits include a radial stub followed
by a 180◦ transmission line in order to guarantee sufficient
distance between the diode and the DC voltage pad and,
simultaneously, a short circuit for the signal at 28 GHz. The
global dimensions of the fabricated PCB of the designed vec-
tor modulator are 34.7mm×34.7mm. In Fig. 8 a photograph
of the fabricated VM is shown.

III. DIGITAL CONTROLLER
The variable resistors, that allow to perform the RTBVA, and
enable the operation of the vector modulator, are controlled
through a digital controlled system whose block diagram is
shown in Fig. 9. In this unit, the different bias voltages are
created which are then applied to the various forward biased
PIN diodes.

The microcontroller unit (Arduino Uno was used) is con-
trolled by the PC through a USB connection. A Digital-
to-Analog (DAC) module was developed with four DACs,
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FIGURE 8. Photograph of the IQ vector modulator prototype.

FIGURE 9. Block diagram of the digital controller system.

FIGURE 10. Photograph of the 8-channel Digital-Analog module.

each DAC has two independent outputs that are going to
produce eight bias voltages for the diodes of the vector
modulators. There is a four-wire SPI (serial peripheral inter-
face) connection between the microcontroller and the DAC
module, to control the voltages at their output channels.
The photograph of the developed PCB of the digital-analog
module is shown in Fig. 10, which is going to control four
vector modulators. Each one of the four DACs has two
outputs to control one VM, resulting in eight different bias
voltages. This module makes use of an IC voltage regulator
MAX6161AESA+ [29] and four DACsMAX5550 [30] from
Maxim Integrated supplier, connected in Daisy-Chain mode
which results in simplified layout of the PCB and less number
of connections to the microcontroller. This DAC has 10 bits
of resolution and allows to operate with SPI or I2C protocol,
with a sampling frequency of 10 Msps and 400 Ksps, respec-
tively. The higher the resolution of the DAC, the higher the
resolution of the control voltage of the PIN diodes biasing
and, therefore, the higher the resolution of the VM phase
and amplitude control. Likewise, the higher the sample rate,
the faster the beam can be steering.

IV. MEASUREMENT RESULTS
The vector modulator was extensively measured and char-
acterized in terms of its principal aspects that affects its
performance. Fig. 11 shows a group of four constellations
obtained at different frequencies, 24, 26.1, 28 and 30 GHz
respectively, where each point of the constellation represents
the S21 parameter (i.e. the phase shifting and attenuation of
the modulator) for a given pair of bias voltage

(
VI ,VQ

)
.

In addition, red circles of constant gain are exhibited,
representing the minimum attenuation with points in all
quadrants (i.e. in a 360◦ range). According to Fig. 11 c),
this modulator provides a minimum attenuation of 12.6 dB
at 26.1 GHz within a 360◦ range. Fig. 12 presents the
variation of the vector modulator gain (maximum value
within a 360◦ range) over a wide range of frequencies.
It is possible to observe an obtained bandwidth of 3.6 GHz,
assuming the range where the gain falls 3 dB. This
result makes this VM usable in a wide frequency range
(from 24.7 to 28.3 GHz).

The modulator was characterized also in terms of return
loss at its input and output port, and the results are shown
in Fig. 13 and Fig. 14, respectively, where each point rep-
resents the return loss for a given pair of bias voltage(
VI ,VQ

)
.

It is possible to observe that, at 28 GHz, the modula-
tor presents the best performance regarding the return loss
in both ports. Additionally, as can be seen from Fig. 13,
the constellation of points corresponding to 24, 26 and
28 GHz attains an input return loss higher than 10 dB, which
shows that the input is (considerably well) matched at those
frequencies too.

It is also possible to observe that the variation of the output
return loss is higher than that from the input, with a 15 dB
of maximum variation, at 28 GHz. The explanation for the
difference between the two ports may lie in the fact that at
input a 90◦ hybrid coupler is used and at output a Wilkin-
son combiner is used instead, which due to their different
properties makes the circuit asymmetric. Fig. 15 shows the
constellation points obtained at 28 GHz where the digital
controller was set to obtain a 16 dB attenuationwith 10◦ steps,
in 5 consecutive repetitions (185 datapoints). A maximum
absolute error of 0.2 dB in amplitude and 1.9◦ in phase was
measured.

Fig. 16 shows the result from 5◦ steps (with no repetitions),
resulting in 0.4 dB max. absolute error in amplitude and 2.6◦

in phase. A performance comparison with previous works is
shown in Table 1.

V. IQ-RTVM’S BEAMFORMING APPLICATION
To validate the application of these vector modulators in a
practical application, it was planned a setup to reproduce
a beam steering scenario, which is illustrated in the block
diagram of the Fig. 18. It is composed by a baseband pro-
cessing unit which includes a USRP (Universal Software
Radio Peripheral), a Host-PC, and a digital control circuit,
responsible to control the DC bias of each vector modula-
tor. The operating frequency was selected in the Ka-band,
at 28 GHz.

The system comprehends four channels for transmission
and for reception, connecting one USRP output IF signal (at
3.84 GHz) to a power splitter, and then to a 4 × 4 series-fed
antenna array (with four independent linear sub-arrays) [31],
through a set of RF links composed of Upconverters and
Downconverters units, and the designed IQ-RTVM.
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FIGURE 11. S21 constellation and the maximum gain circles at various frequencies a) 24 GHz, b) 28 GHz, c) 26.1 GHz and d)
30 GHz.

FIGURE 12. Vector modulator gain over frequency.

The four RF Upconverters modules translates the IF fre-
quency (3.84 GHz) to 28 GHz, which are then modulated
in terms of amplitude and phase using the vector modulator,
while the four Downconverters converts the received 28 GHz
signals to IF signals to be processed in the USRP unit, that is
responsible for the demodulation and execute all the remain
baseband processing of the received samples.

FIGURE 13. Return loss at the input port as a function of S21, obtained at
various frequencies.

The measurement setup is shown in Fig. 17 and includes a
power supply that provides the DC voltage to the Up/Down
converters, one PLL (Phase Locked Loop) generating a
12.08 GHz LO signal, a power splitter that divides the IF
signal into four channels, and applies them to input of the
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FIGURE 14. Return loss at the output port as a function of S21, obtained
at various frequencies.

FIGURE 15. S21- 10◦ step points with 16 dB attenuation, obtained with
the vector modulator digital controller (5 repetitions).

upconverters, two antenna arrays, a USRP that generates one
IF and receive four IF signals, four vector modulators and an
8-channel Digital-Analog module. All these components can
be identified in Fig. 17.

Before starting the measurement process, a simple cal-
ibration was made to ensure that the signals arriving to
the receiver antenna array were all in phase. In this work,
the beamforming was performed on the transmitter side.
The Tx array antenna was carefully positioned in the rotor
arm of the anechoic chamber. The receiving antenna has the
important function of reading the radiation pattern from the
transmitter and was placed in far field (65 cm away from
the transmitter).

The beamforming concept is easily understandable, and
it consists in manipulating the radiation pattern of the
antenna array by changing the amplitude and phase of

FIGURE 16. S21- 5◦ step points with 16 dB attenuation, obtained with the
vector modulator digital controller.

FIGURE 17. Photograph of the experimental setup (1-Tx antenna array,
2-Vector Modulators, 3-Upconverters, 4-Power Splitter, 5-Digital Control
Module, 6-Rx antenna array, 7-Downconverters, 8-USRP N310, 9-PC,
10-Power Supply).

each signal that feeds the antenna. To highlight the vec-
tor modulator functionality in beamforming scenario, it was
applied a simple progressive phase delay to each Tx channel
given by,

α = kd cosθ (10)

where θ is the desired radiation direction of the antenna
array, k=(2π/λ) and d the distance between elements of the
array. The Table 2 represents the estimated phase delay for
each channel, considering a set of chosen locations (θ). The
beamforming angle was changed in the range −40◦ to 40◦

with 1-degree step using the vector modulator and for each
step it was measured the amplitude of the received signal.
An identical process was applied for nine positions of the
transmitter.
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FIGURE 18. Block diagram of the beamforming application setup.

TABLE 1. Performance Comparison With Previous Works.

TABLE 2. Beamforming Phase Weights.

The measurement results of the radiation patterns are
shown in Fig. 19, and a good agreement between the desired
angle of the beam (θ) and the maximum value of the antenna
radiation is observable.

FIGURE 19. Beam steering measured results at 28 GHz.

VI. CONCLUSION
In this work, an IQ vector modulator operating at 28 GHz
using PIN diodes was designed and implemented in PCB. The
vector modulator was extensively characterized, with respect
to bandwidth and return loss. A 3-dB bandwidth of 3.6 GHz
and a minimum attenuation (with 360◦ of phase shift range)
of −14 dB at 28 GHz, and −12.6 dB at 26.1 GHz, were
measured. A digital control circuit was developed and two
constellations with phase differences of 10◦ and 5◦ between
consecutive points were demonstrated. An amplitude error
of 0.4 dB and a phase error of 2.6◦ was measured. An exper-
imental beamforming application was also shown to demon-
strate and validate the vector modulator.
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