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Abstract— This letter presents a low phase error with a high
gain vector modulator in a 28 nm CMOS process. It consists of an
input balun network (IBN), a tunable I/Q generator, a variable
gain amplifier (VGA), and an output balun network (OBN).
The proposed I/Q generator uses two transformer-based couplers
and a varactor. Through the control of the varactor, the I/Q
generator can optimize the operation frequency at which the
phase difference of each quadrature signal is 90◦. To implement
the proposed I/Q generator, the IBN uses a cascode topology to
isolate between the IBN and I/Q generator. The VGA utilizes the
Gilbert cell design to control the amplitude of the quadrature
signal. The proposed vector modulator achieved a phase shift of
22.5◦ and had an average root-mean-square (rms) phase error
of 2.89◦ and an rms gain error of 1.57 dB at the 31–36 GHz
band. The maximum average gain was −3.48 dB at 33 GHz, and
the power consumption was 28.8 mW from a 1.8 V supply. The
proposed vector modulator achieved a high gain with a low rms
phase error based on the tunable I/Q generator in the K a-band.

Index Terms— Millimeter wave, monolithic microwave inte-
grated circuit, phase shifter, tunable I/Q generator, vector mod-
ulator.

I. INTRODUCTION

IN RECENT years, the demand for mmWave systems has
been rapidly growing for 5G and satellite communications.

In particular, because the path loss is large in the mmWave
band, communication based on a phased array antenna capable
of achieving beam forming and beam steering is essential.
Accordingly, a high-performance phase shifter is required to
control phased array antennas [1], [2], [3], [4].

To implement a high-quality phase shifter, the design param-
eters such as gain, phase error, phase resolution, and low power
consumption are required to design the phase shifter. There-
fore, considerable research has been conducted on passive type
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Fig. 1. Schematic of the proposed vector modulator and tunable I/Q generator.

reflection phase shifters [5], switched line phase shifters [6],
[7], and active type, vector modulators [8], [9], [10]. Owing
to the advantage of being able to control a continuous phase
shift with a high gain, the demand for vector modulators has
significantly increased. The bottleneck of the vector modulator
is that the I/Q generator has a high loss and low bandwidth.
To overcome I/Q generator issues, an embedded I/Q generator
has been proposed beyond all-pass filters or an RC polyphase
filter (PPF), and these techniques can increase the gain or
phase resolution [11], [12], [13]. However, the coupler design
without tuning operation along with the frequency is applied,
so, their bandwidth and phase error are still limited.

To address the aforementioned issues, a tunable I/Q gen-
erator was proposed based on a transformer-based coupler to
achieve compact size and high gain, and frequency selection
was possible by varactor control. Based on the proposed I/Q
generator, a low phase error with a high-gain vector modulator
was demonstrated in this study.

II. CIRCUIT DESIGN

A block diagram of the proposed vector modulator is
demonstrated in Fig. 1. The input signal flows to the input
balun network (IBN) and is converted into a differential signal.
Then, the signal is split into a quadrature signal by the I/Q
generator. The variable gain amplifier (VGA) amplifies the
quadrature signal along with bias control, and the amplified
signal is combined in the output balun network (OBN).

As shown in Fig. 2(a), the IBN comprises an LC matching
network, a transformer to implement the balun, and cascode
amplifier. The cascode amplifier is optimized to maximize the
gain of the vector modulator. Even if the VGA in the main
core can amplify the signal, the input impedance of the main
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Fig. 2. Schematic of the proposed vector modulator. (a) IBN. (b) VGA with
OBN.

Fig. 3. Single part of the proposed tunable I/Q generator. (a) Layout of the
proposed asymmetric load coupler. (b) Simplified operation diagram of the
proposed coupler.

core is focused on minimizing the quadrature signal error. Due
to this reason, the transistor is optimized to increase the gain
of the circuit. In addition, the output impedance of the IBN
is used to generate the quadrature signal. Therefore, the high
isolation between the IBN and the I/Q generator should be
designed to maintain constant phase differences, irrespective
of the VGA operation. A cascode amplifier is used to achieve
isolation and high gain in the IBN design by implementing ac
ground on the transistor gate.

The main core consists of a VGA and tunable I/Q generator
proposed in two transformer-based couplers and a varactor
topology. Fig. 3(a) shows the diagram of a single part of the
tunable I/Q generator. A three-metal stacked layer is used to
design the coupler to increase the coupling coefficient and
minimize its size. As shown in Fig. 3(b), the drain impedance
of the IBN transistor is loaded to the input port, P1, whereas
the thru and coupled ports, P2 and P3, are attached to the
current source gate of the VGA, and the isolation port, P4,
is connected to the varactor. A differential signal is applied
to P1 of each coupler, and P4 is separated from the virtual
ground. Because asymmetric impedances are loaded into the
proposed coupler on each port, signal cancellation cannot
occur at P4. Thus, multiple reflections are produced in the
coupler, and the reflected signal is transmitted to other ports
by coupling. The amount of reflection changes along the
capacitance of the varactor; therefore, the phase and magnitude
of the thru and coupled signals can be controlled by the
varactor voltage. Furthermore, the coupling coefficient of the
coupler, k, is 0.6. Therefore, multireflection is considered up
to two times for the tunable I/Q generation design, as shown
in Fig. 3(b).

Fig. 4(a) shows the phase and magnitude difference between
P2 and P3 along the varactor control when the impedance is
loaded on each coupler port as shown in Fig. 3(b). The phase
and magnitude difference of the thru and coupled signals are
approximately 0 dB and 90◦, respectively, are formed in a
single frequency, and the frequency is adjusted by the varactor

Fig. 4. Phase and magnitude difference graph of the proposed tunable I/Q
generator. (a) Phase and magnitude difference of the proposed I/Q generator
without the VGA core. (b) Signal phase and magnitude difference of the
proposed I/Q generator with the VGA core.

Fig. 5. Photograph of the proposed vector modulator.

bias voltage from 0 to 1 V. Therefore, the asymmetric load
coupler generates the I/Q signal and implements a wide tuning
range with the minimization of the phase and magnitude differ-
ence. Fig. 4(b) shows the variation in the coupler signal with
the VGA. It is elaborated that the quadrature signal phase can
be varied by changing the varactor voltage and the signals are
represented in dash–dotted line on the left axis. The magnitude
error is suppressed below 1 dB, irrespective of the varactor
variation presented on the right axis. Moreover, the phase error
can be maintained below 10◦ with a constant magnitude error
even if the frequency is changed. Therefore, the proposed I/Q
generator achieves frequency-optimized operation.

A schematic of the VGA core and OBN is shown in
Fig. 2(b). The VGA core utilizes the Gilbert cell topology. The
Gilbert cell topology also helps increase the vector modulator’s
gain, but the VGA should be more targeted to generate the
quadrature signal. Therefore, the transistors utilized in the
VGA are optimized to minimize the amplitude and phase loss
of the I/Q signal rather than the gain. Moreover, a large capac-
itor is connected to the gate of the common gate transistor;
therefore, high isolation between the VGA and OBN can be
achieved. The OBN consists of a transformer to convert the
differential signal into a single-ended signal and an additional
LC matching network to obtain wideband characteristics.

III. MEASUREMENT RESULTS

The proposed vector modulator was fabricated in a 28 nm
CMOS process with a circuit area of 820 × 500 µm, and a
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON RESULTS OF VECTOR MODULATOR

Fig. 6. Simulation and measurement S-parameter results of the proposed
tunable I/Q generator. (a) S11 and S22 simulation and measurement results.
(b) S21 magnitude results along the varactor operation.

photograph of the chip is shown in Fig. 5. Additionally, the
power consumption of the vector modulator was 28.8 mW
from a 1.8 V supply voltage.

Fig. 6 shows the simulation and measurement S-parameter
results. The proposed vector modulator was implemented
in high isolation between the IBN, main core, and OBN;
therefore, S11 and S22 had constant values irrespective of VGA
operation. Based on the S11 and S22 values, the −10 dB band-
width of the vector modulator was measured as 7 GHz. S21
comparison results are shown in Fig. 6(b). When the varactor
bias was optimized to 33 GHz, the magnitude of S21 was
maximized, and the value decreased with frequency variation.
Otherwise, when the varactor bias was adjusted to the target
frequency, the average S21 value increased. Therefore, the 3 dB
bandwidth of the proposed vector modulator operation was
approximately 5 GHz, from 31 to 36 GHz. The measurement
results of the phase shift operation are shown in Fig. 7(a).
The phase was shifted within 22.5◦, resulting in an root-mean-
square (rms) error of approximately 2◦ at a target frequency
of 33 GHz. The detailed rms phase and magnitude errors are
shown in Fig. 7(b). As shown in Fig. 7(b), the rms magnitude
error was almost constant and was lower than 2 dB, irre-
spective of the varactor tuning. However, the rms phase error
significantly increased to 11.55◦ at 36 GHz without varactor
operation. By changing the varactor bias from 0 to 1.05 V, the
operation frequency of the I/Q generator could be adjusted, and
the rms phase error could be maintained below 5◦ within the
proposed vector modulator bandwidth. This could represent a
phase error minimization of approximately 3◦ by tuning the
I/Q generator. Table I presents a summary of the performance

Fig. 7. Measurement S21 phase results of the vector modulator. (a) S21
phase graph in which the varactor is optimized at 33 GHz. (b) rms phase and
magnitude error along with the varactor operation.

of the measured vector modulator and its comparison with
other state-of-the-art technologies. The proposed vector mod-
ulator based on the tunable I/Q generator achieved a low phase
error with a high gain over a wide frequency range.

IV. CONCLUSION

This study proposed a high-performance vector modulator
with a tunable I/Q generator. The vector modulator comprised
a wideband IBN, an OBN with an LC matching network, I/Q
generator, and a VGA core. The tunable I/Q generator was
implemented with a low phase error of the quadrature signal by
combining two transformer-based couplers and one varactor.
The coupler was connected to asymmetric loads; thus, multiple
reflections were generated, and the reflection signal was con-
trolled by the varactor. Therefore, the quadrature signals could
be maintained at a 90◦ phase difference along with frequency
variation. Based on the tunable I/Q generator, a 4-bit low phase
rms error vector modulator was designed. In the 31–36 GHz
range, the rms phase error was 1.98◦–4.95◦. The rms gain
error and an average peak gain were 1.11 and −3.48 dB,
respectively, at 33 GHz. The proposed vector modulator had
the advantages of a high gain and low phase error in the
bandwidth by adjusting the target frequency. Therefore, this
is a good candidate for 5G mmWave communication systems.
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