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Ka-band IQ vector modulator employing GaAs HBTs�
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Abstract: The importance of high-performance, low-cost and millimeter-wave transmitters for digital commu-
nications and radar applications is increasing. The design and performance of a Ka-band balanced in-phase and
quadrature-phase (I-Q) type vector modulator, using GaAs heterojunction bipolar transistors (HBTs) as switching
elements, are presented. The balanced technique is used to remove the parasitics of the HBTs to result in near per-
fect constellations. Measurements of the monolithic microwave integrated circuit (MMIC) chip with a size of 1.89
� 2.26 mm2 demonstrate an amplitude error below 1.5 dB and the phase error within 3ı between 26 and 40 GHz
except for a singular point at 35.6 GHz. The results show that the technique is suitable for millimeter-wave digital
communications.
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1. Introduction

A conventional modulator is achieved by a complex chain
of up-converter mixers, filters and amplifiers; as a result, the
cost remains amajor factor limiting thewidespread use of wire-
less systems for millimeter-wave applications. Direct carrier
modulation at millimeter-wave frequencies has attracted con-
siderable interest as a result of its reduced hardware complexity
and cost for wireless applicationsŒ1; 2�. A common technique
for realizing a direct binary phase-shift keying (BPSK) modu-
lator is to employ a reflection topology using Lange couplers
with high electron mobility transistors (HEMTs) or heterojunc-
tion bipolar transistors (HBTs) acting as switches on direct and
coupled portsŒ3�.

Direct carriermodulation is based on a balanced reflection-
type bi-phase amplitude modulator, which is used to remove
the amplitude and phase errors of the transistors. Some quadra-
ture phase-shift keying (QPSK) modulators are implemented
in the HEMT processŒ4; 5�, however, they require negative bias
voltage to perform the modulation function. The advantage of
using HBT technology is that it can be integrated with a high
efficiency power amplifier (PA) and requires positive bias to
operate. Two orthogonal BPSK modulators are connected in
phase quadrature to compose a QPSK modulator, which con-
sists of a phase-splitting power-divider that creates either two
or four channels, which are individually amplitude modulated
and then power-combined in-phaseŒ6�.

In this paper, a Ka-band vector modulator monolithic-
microwave integrated-circuit (MMIC) is presented. This de-
sign employs cold-HBTs to act as variable resistance termina-
tions, Lange couplers to produce an orthogonal signal, and an
in-phase 3-dB power combiner (e.g. a Wilkinson combiner) to
combine the output signals. Cold-mode HBT device modeling
is shown to investigate the practical performance of the mod-
ulators. By comparing the characteristics between the simple

and balanced modulators from the simulation, it is shown that
the balanced technique can remove the parasitics of HBTs ef-
fectively. A Ka-band QPSK modulator is realized with two or-
thogonal balanced modulators in GaAs HBTs and the measure-
ments are carried out.

2. Cold-HBT characterization

A variable resistance element in MMIC technology is the
cold GaAs HBT. The HBT process uses a 1-�m GaAs HBT
MMIC process on a 4-mil substrate provided by WIN Semi-
conductors CorporationŒ7�. The equivalent circuit of a cold-
mode HBT device is illustrated in Fig. 1.

A variable voltage to the base terminal controls the col-
lector–emitter resistance Rce. Rce decreases with increasing
positive base voltage. Ideally, the cold-HBT has zero collec-
tor–emitter resistance at positive bias and infinite resistance be-
low threshold voltage. In practice, however,Rce at positive bias

Fig. 1. Equivalent circuit model of the cold-HBT.
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Fig. 2. Output impedance of the cold mode HBT.

Fig. 3. Circuit topology of a single ended modulator.

is much larger than zero. Although a very large Rce is obtained
below threshold voltage, the overall impedance is dominated
by the shunt capacitance Cbe and Cbc at high frequencies. The
junction capacitances of Cbe and Cbc are not always identical,
resulting in highly nonlinear C–V characteristics. Figure 2 il-
lustrates the terminal impedance of the cold mode HBTs versus
the base bias voltage sweeping from 0 to 4 V at 36 GHz. The
asymmetric output impedance can be observed in Fig. 2.

3. Simple modulator

The simple, single ended modulator used here is based on
reflection topologyŒ4�, as illustrated in Fig. 3. This topology
employs a 3-dB Lange coupler and a pair of cold-HBTs. The
input signal, which is split equally into two orthogonal signals
by the Lange coupler between the direct and coupled ports, is
added to the cold-HBTs. When two orthogonal signals are re-
flected back to the coupler, they are cancelled at the input port
and reinforced at the output port.

For an ideal coupler, the S-parameter matrix of the circuit
is given by

ŒS� D

�
0 �j�T

�j�T 0

�
; (1)

where �T is the voltage reflection coefficient of the reflection
termination.

The output signal of the device is given by

Fig. 4. Simulated S21 of a simple modulator.

Fig. 5. Circuit topology of the balanced modulator.

†S21 D †�T � 90ı: (2)

A Smith’s chart plot of S21 against bias can be determined
by using the above cold-HBT model at 36 GHz, as illustrated
in Fig. 4. In this situation, the base voltages were varied from
0 to 4 V and the magnitude plot of S21 is shown in Fig. 6(b).
It can be seen that the constellation is far from ideal, suffering
from both amplitude and phase errors because of the parasitics
of the HBTs.

4. Balanced modulator

Single ended modulators are restricted in performance at
high frequency due to the parasitics of the HBTs. The ampli-
tude and phase errors caused by the parasitics of the HBTs
can be removed by using a balanced technique. The balanced
modulator employs two single ended modulators in push-pull
modeŒ8; 9�, as illustrated in Fig. 5. The input signal split by the
Lange coupler is modulated by the complementary baseband
signals (S and S); the output signal is combined in-phase. The
voltage transmission coefficient S21 of the balanced modulator
is given by

S21 D
j
2

�
�T .S/ � �T

�
S

��
; (3)
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Fig. 6. Simulated S21 of the balanced modulator at 36 GHz. (a) Plot
in polar chart. (b) Magnitude attenuation plot.

where S is the bias voltage for the baseband signal, and the
relationship of the two complementary voltages is given by

S D 4:2 � S: (4)

The S21 of the balanced modulator, as a function of only
one varying bias voltage S , is illustrated in Fig. 6(a) at a car-
rier frequency 36 GHz. In this case, the base bias voltages were
varied from 0 to 4 V for each part individually, with the other
varied following equation (4). It can be seen that the response
is perfectly symmetrical when using push-pull mode. The cor-
responding attenuation responses of the balanced and simple
modulators, as a function of only one varying bias voltage, are
illustrated in Fig. 6(b). The minimum voltage wave attenua-
tion of �0.2 is obtained for the simple modulator, compared
with �3 � 10�3 when using a balanced modulator. There-
fore, the balanced modulator can remove both amplitude and
phase errors caused by the parasitics of the cold-HBTs, even at
millimeter-wave frequencies.

5. Ka-band vector modulator design and mea-
sured performance

5.1. Vector modulator design

In this way, a vector modulator can be implemented with
two balanced modulatorsŒ1; 4�, as illustrated in Fig. 7. The lo-

Fig. 7. Schematic of the QPSK modulator.

Fig. 8. QPSK constellation at 36 GHz.

cal oscillator (LO) signal is divided into two equivalent am-
plitude orthogonal components, which are modulated by the
baseband signals. In Fig. 7, I and I are the baseband input
ports of the in-phase balanced modulator, while Q and Q are
the baseband input ports of a quadrature-phase balanced mod-
ulator. The baseband signals can change the base bias voltages
to modulate the LO signal. Summing is achieved using an in-
phase Wilkinson power combiner. The I /Q vector modulator
can implement multilevel digital modulation schemes, such as
QPSK, 16QAM and 256QAM, as well as those used in other
applications.

Based on the principles presented above, a Ka-band vec-
tor modulator was designed using a microstrip on 100-�m-
thick GaAs. The passive components, including Lange cou-
plers, a Wilkinson power combiner and interconnection lines,
were simulated and optimized by a momentum electromag-
netic (EM) simulator in Agilent’s Advanced Design System
(ADS). The constellation simulation of the vector modulator
is shown in Fig. 8. It can be seen that a near-perfect constel-
lation is achieved at 36 GHz, with little amplitude and phase
errors.
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Fig. 9. Microphotograph of the vector modulator.

Fig. 10. Corrected measured performance of the QPSK modulator at
36 GHz.

Table 1. Bias voltages for the corrected QPSK modulator at 36 GHz.

I I Q Q Constellation point
2.7 0 3.1 0 0.302/44.892
0 4 0 2.7 0.303/135.546
4 0 0 2.4 0.297/–133.334
1.10 3 3.5 0 0.296/–48.28

5.2. Measurements and discussion

The microphotograph of the vector modulator MMIC de-
signed for operation at 36 GHz, which measures 1.89 �

2.26 mm2, is shown in Fig. 9. For QPSK modulation, there
are four phase states with the same amplitude, which are rep-
resented as states of (0, 0), (0, 1), (1, 0), and (1, 1). The mea-
sured corrected constellation for QPSK modulation at 36 GHz
is illustrated in Fig. 10, and the corresponding voltages used
to generate the 4 points are shown in Table 1. The data show
excellent results with little amplitude and phase imbalance.

The static S-parameter measurements in the 20–40 GHz
frequency range were performed using an Agilent E8363B
PNA and a Cascade probe station. The measured S21 of four
states for the QPSK modulation are plotted in Fig. 11. The am-
plitude and phase errors of S21 are illustrated in Fig. 12. It can
be seen that the amplitude error is below 1.5 dB and the phase

Fig. 11. (a) Insertion loss and (b) phase for the four constellation point
versus frequency.

Fig. 12. (a) Amplitude and (b) phase error of the QPSK modulator.

error is within 3ı between 26 and 40 GHz, except for a singular
point at 35.6 GHz. From the measurements system calibration
results, it can be seen that the return losses of the output have
a deep notch at 35 GHz. In this case, the measurements sys-
tem can lead to a small phase and amplitude jitter of S21 near
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Fig. 13. Return loss for the four states of the QPSK modulator

35 GHz. Therefore, the singular point at 35.6 GHz is due to the
measurement equipment.

The input and output return losses are better than 13 dB and
10 dB, respectively, from 26 to 40GHz, as illustrated in Fig. 13.
In these plots, the output return losses have notches at 35 GHz
due to the measurement equipment calibration. The bandwidth
of the input return loss is wider than the output return loss due
to the balanced architecture used in the input portŒ10�.

6. Conclusion

Reflection-type Ka band HBT vector modulator MMIC
has been reported in this paper. The MMIC is suitable for
broad band digital modulations due to its wide bandwidth, low
phase and amplitude errors, and good return losses at the in-
put and output ports. A cold-HBT device model is also de-
veloped and verified by comparing simulation results between

simple and balanced modulators. The vector modulator us-
ing two balanced modulators exhibits excellent constellations
for QPSK modulation by carefully tuning the bias voltages at
36 GHz. Therefore, the compact chip provides a low-cost and
high performance modulator for microwave applications in the
frequency band of 26–40 GHz.
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