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ABSTRACT In this paper, a novel broadband lumped-element quadrature hybrid MMIC for interferometric
correlation radiometer is proposed. First, the cause of the bandwidth limitation in the lumped-element
branch-line coupler is analyzed, which is the two identical parallel branches have the same frequency
response leading to reinforced resonance and narrow band. In order to reduce such unfavorable superposition
effect, parallel branches with opposite frequency responses are used, which exhibits the characteristic similar
to rat-race coupler. To realize a quadrature hybrid, a phase-shifting network is cascaded to the rat-race
coupler, and the bandwidth is further extended by compensating the passband phase trend and optimizing the
inter-stage matching of the two parts. Finally, to facilitate the application, the quadrature hybrid is combined
with a variable gain amplifier to implement an integratedMMIC based upon 0.15 umGaAs pHEMT process,
and the size of the hybrid part is 1.2×1.4 mm2. Within the frequency range of 3.8∼8.5 GHz (75% fractional
bandwidth), the amplitude and phase imbalance are less than 0.5 dB and 2.6◦. All reflections and isolations
are better than 16.4 dB. The measured results verify the design theory and illustrate that the lumped-element
quadrature hybrid is suitable for compact broadband circuit applications.

INDEX TERMS Broadband, lumped-element, MMIC, phase-shifting network, quadrature hybrid, rat-race
coupler.

I. INTRODUCTION
Quadrature hybrids are widely used passive components in
microwave systems, which are mainly used for quadrature
combining and division of signals. The application back-
grounds of this paper are passive millimeter-wave imaging
system and temperature measurement system, in which the
core structure is an interferometric correlation radiometer [1].
Figure 1 shows a simplified block diagram of the radiometer,
from which we can see that the quadrature hybrid is
applied and plays an important role in the image-reject
down conversion circuit [2], [3] and the 6-ports network
of correlator [4]–[6]. For the radiometer, when the inte-
gration time is constant, broader bandwidth means better
radiometric sensitivity. Moreover, the amplitude and phase
imbalance of the hybrid is related to the image rejection
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ratio and correlation efficiency of the system. Therefore, the
design challenge is to obtain a compact quadrature hybrid
with 4 GHz bandwidth covering the C-band (4∼8 GHz, 67%
fractional bandwidth) and low imbalance to meet the system
requirements.

The conventional distributed planar hybrid circuit consists
of multiple quarter-wavelength transmission lines (TLs) at
the design frequency, which can easily obtain a fractional
bandwidth (FBW) more than 60% [7]–[10]. However, the
above distributed hybrids require a large circuit area, which
makes it inconvenient for the application and integration
in low-frequency circuits. Lumped-element hybrids are
attractive for the small size and high integration, which
are more suitable for the design of monolithic microwave
integrated circuits (MMIC). The most intuitive circuit is to
replace the TLs of branch line coupler with lumped LC
network. Four kinds of hybrid based on this structure are
introduced in [11], [12], but their FBW are about 10%.
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FIGURE 1. Diagram of the interferometric correlation radiometer.

In [13]–[17], the same design method as the planar circuit
is adopted to connect two hybrids in series to improve
bandwidth, so that measured FBW reaches 30%. [18] pro-
poses a lumped-element coupler with resonant parallel LC,
which measured FBW is 49%. Some of the state-of-the-art
design methods have focused on impedance transformation
or arbitrary coupling characteristics [19]–[21], while the
bandwidth has not been improved. To sum up, the previously
reported lumped-element quadrature hybrids cannot satisfy
the bandwidth requirements of our radiometer application.

Therefore, a novel broadband and compact lumped-
element quadrature hybrid circuit is proposed and designed.
The main contributions of this paper are summarized as
follows.

1) We analyze the existing lumped-element branch-line
coupler and point out that the limitation of the band-
width is attributed to two identical parallel branches
with the same frequency response. Therefore, the idea
of using parallel branches with opposite frequency
response is proposed. Based on the rat-race coupler
with the above characteristics of separate resonance
points, a novel broadband quadrature hybrid circuit is
constructed by cascading with the phase shift network.

2) In circuit design, the method of phase compensation
and inter-stage matching optimization is adopted to
ensure low phase imbalance while expanding band-
width. This method is also applicable to other cascade
configuration circuits.

3) Compared with previously reported lumped-element
works, the bandwidth of proposed quadrature hybrid
is significantly expanded to 75% without occupying
more chip area (0.07λg × 0.08λg). The proposed
quadrature hybrid is very suitable for broadband and
highly integrated circuit applications.

The rest of this paper is organized as follows. In Section II,
the bandwidth is analyzed and the proposed circuit is
proved to be a quadrature hybrid. Section III illustrates
the lumped-element hybrid design approach, including
presenting simplified schematic and full-wave simulation
results. Section IV introduces the design and simulation of
a variable gain amplifier (VGA), which is cascaded with
the hybrid to form a C-band integrated chip, as shown
in the red box in Figure 1. The modular measurement

setup of quadrature hybrid integrated MMIC is given in
Section V, and the measurement results are compared with
the simulation and the previously reported works. Finally,
Section VI summarizes the results and conclusions of this
paper.

II. ANALYSIS OF THE BROADBAND LUMPED-ELEMENT
QUADRATURE HYBRID
The design of lumped-element circuits is usually based on
multistage symmetric high-pass (HP) or low-pass (LP) LC
units. The LC units can be obtained by using the ABCD
matrix equivalent to that of TLs [11], [22]. Taking the π -type
LP LC unit as an example, the LC unit and TL are expressed
as:

[
A B
C D

]
low−pass

=

[
1− ω2CL jωL

jωC
(
2− ω2CL

)
1− ω2CL

]
(1)[

A B
C D

]
TL
=

[
cos8 jZrsin8
jYrsin8 cos8

]
(2)

where Zr and8 are the characteristic impedance and insertion
phase of the TL, respectively. When an LC unit in a cascaded
configuration with a small insertion phase is adopted, its
characteristics are closer to a TL, so broadband are easier
to obtain, as shown in Figure 2. However, the previously
published lumped-element couplers based on this structure
have not been able to achieve a bandwidth comparable to the
distributed-element circuits, which is worth analyzing.

A. BANDWIDTH ANALYSIS OF LUMPED-ELEMENT
COUPLER
The even-odd mode is an effective method to analyze
symmetric circuits. By adopting this method, as shown in
Figure 3(a), the traditional ring structure branch-line coupler
can be divided into the combination of TL and open or short
stubs. Figure 3(b) is the form of the +45◦ stub in even mode
and odd mode represented by π-type LP LC unit, and their
values are expressed as

LLπ =
Zrsin (8)
ωc

, CLπ =
1− cos (8)
Zrωcsin (8)

(3)
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FIGURE 2. Comparison of cascaded LP/HP LC units with different
insertion phases (1-stage 90◦ LC unit, 2-stage 45◦ LC units, and 3-stage
30◦ LC units).

FIGURE 3. (a) Branch-line coupler block diagram. (b) Lumped-element
+45 ◦ stub in even mode and odd mode. (c) Rat-race coupler block
diagram. (d) Lumped-element −45 ◦ stub in even mode and odd mode.

The corresponding impedance expressions are:

ZLe = jZr

(√
2− 1

)
x2 −
√
2(

2
√
2− 3

)
x3 +

(
4− 2

√
2
)
x
, x =

ω

ωc
(4)

ZLo = jZr
x(

1−
√
2
)
x +
√
2
, x =

ω

ωc
(5)

where ωc = 2π fc, fc is the center frequency. It is found that
when f = 1.85fc, ZLe and ZLo are 0 and ∞ respectively,
which means that both LP LC units affect the transmission
characteristics at 1.85 fc, and lead to reinforced resonance,
limiting the bandwidth. In order to reduce such unfavorable
superposition effect at same frequency, we thought of using
two parallel stubs with opposite frequency responses, which
happens to be the case with rat-race coupler [22]–[25], and
one of the stubs can be replaced by −45 ◦ HP LC unit,
as shown in Figure 3(c) (d). The LC value and the impedance

FIGURE 4. (a) Even mode transmission characteristics of branch-line
coupler and rat-race coupler. (b) odd mode transmission characteristics.

of the stub are:

LHπ =
Zrsin (8)

ωc (1− cos (8))
, CHπ =

1
Zrωcsin (8)

(6)

ZHe = jZ1
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ZHo = jZ1
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−
√
2 x +

(√
2− 1

) , x =
ω

ωc
(8)

In even mode, the ±45◦ LC units resonate at 1.85 fc
and fc/1.85 respectively without affecting the passband.
From the simulation results in Figure 4(a), it can be clearly
seen that the even mode transmission characteristics of the
branch-line coupler has intensified losses around 1.85 fc,
while the rat-race coupler has band-pass characteristics.
In odd mode, The LC units also resonates at different
frequencies, showing a low-loss passband between the two
frequencies, as shown in Figure 4(b). That is to say, when
using the same design method, the rat-race coupler has a
larger bandwidth characteristic.

If the TL of each arm is changed to a three-stage
cascaded LC unit, the same method is used to calculate that
the resonant frequency of limiting the bandwidth becomes
1.93 fc and fc/1.93. The quantity of lumped elements is
increased by 50%, but the bandwidth is only increased
by approximately 6%, so the two-stage structure is more
reasonable.

B. A NOVEL BROADBAND LUMPED-ELEMENT
QUADRATURE HYBRID
According to the above analysis, although the rat-race coupler
based on two-stage cascade configuration LC units has
bandwidth advantages, its 0◦ /180◦ phase difference cannot
be used for sideband separation of the image-reject mixer
and the quadrature synthesis of the six-port network, which
is inconsistent with applications.

Therefore, a novel broadband lumped-element quadrature
hybrid is proposed by connecting different ±45◦ LP/HP LC
units at ports. As shown in Figure 5, the connected LC units
can be regarded as a phase-shifting network, and the phase
difference can be changed through different combinations.
The ABCD matrix expressions of even mode and odd mode
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FIGURE 5. Schematic diagram of the proposed quadrature hybrid.

and S parameters calculated from them are as follows:[
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Using ports 2, 3, and 4 as sources in turn, the complete
scattering matrix of the circuits can be obtained:

[S] = −

√
2
2
j


0 j 1 0
j 0 0 1
1 0 0 j
0 1 j 0

 (16)

This result can prove that the proposed circuit is completely
equivalent to a quadrature hybrid.

III. QUADRATURE HYBRID CIRCUIT DESIGN METHOD
AND BANDWIDTH EXPANSION
The schematic diagram of the proposed lumped-element
quadrature hybrid based on multistage LC units is shown in
Figure 6. The corresponding LC values of this basic structure
is expressed in the form of the inserted phase as follows:

L1 =
Zrsin (8)

(1− cos (8))ωc
, C1 =

1
Zrωcsin (8)

,

Zr =
√
2Z0 (17)

L2 =
Zrsin (8)
ωc

, C2 =
1− cos (8)
Zrωcsin (8)

,

Zr =
√
2Z0 (18)

FIGURE 6. Schematic diagram of lumped-element quadrature hybrid
constructed by rat-race coupler with two-stage LC units on each arm and
HP/LP phase-shifting network.

FIGURE 7. (a) Phase difference of rat-race coupler and HP/LP network.
(b) Phase difference of quadrature hybrid. (c) Amplitude difference of
rat-race coupler and HP/LP network. (d) Amplitude difference of
quadrature hybrid.

LH =
Z0

ωcsin (8)
, CH =

sin (8)
Z0ωc (1− cos (8))

(19)

LL =
Z0sin (8)

ωc
, CL =

1− cos (8)
Z0ωcsin (8)

(20)

where all 8 are 45◦, because the arms of the rat-race coupler
in the middle ring structure are two-stage cascaded LC units.

A. LOW PHASE IMBALANCE CHARACTERISTIC
When analyzing rat-race coupler and phase-shifting network
separately, we select the center frequency of 5.6 GHz
as an example. The lumped-element values are calculated
according to (17)∼ (20): C1 = 0.57 pF, L1 = 4.85 nH, C2 =

0.17 pF, L2 = 1.42 nH, CL = 0.24 pF, LL = 1 nH, CH =

1.37 pF, LH = 2.01 nH. It can be seen from Figure 7(a) that
the both phase difference curves are not flat in broadband,
and the deviation from the center frequency increases with the
expansion of the bandwidth. The maximum phase difference
variation of the two curves in the band is 5.5◦ and 7.5◦.
However, the trend of the phase difference curve between
the HP and LP phase-shifting network is opposite to the
characteristics of the rat-race coupler. This implies that the
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TABLE 1. Performance analysis of the proposed hybrid.

FIGURE 8. Preliminary simulation results of the quadrature hybrid circuit.
(a) Insertion loss. (b) Return loss and isolation.

phase-shifting network is not arbitrarily distributed at each
port of the coupler, and a small phase difference variation can
be obtained when the layout design makes the phases of the
two parts compensate for each other. After the two parts are
cascaded to form a complete quadrature hybrid circuit, the
phase difference simulation result is 90◦ ∼92.2◦, as shown in
Figure 7(b). Phase compensation is also an important idea for
subsequent circuit simplification and layout optimization.

As a ±45◦ LC unit, the HP/LP network has a very
flat amplitude characteristic in broadband, so the amplitude
difference of the quadrature hybrid mainly depends on the
rat-race coupler, which is less than ±0.4 dB, as depicted in
Figure 7(c) and (d).

B. BROADBAND CHARACTERISTIC
As shown in Figure 8, in the preliminary simulation results
of the hybrid, the bandwidth can reach 3.9∼7.7 GHz (64%
FBW), which is already wider than the previously reported
lumped-element quadrature hybrids. Moreover, according to
the derivation in Section II (16) and the simulation result
of return loss, for the center frequency fc, the circuit port
is completely matched with Z0. In order to analyze the
relationship between bandwidth and matching, we introduce
a coefficient α to change the impedance on each arm of
rat-race coupler, Z

′

r = α
√
2Z0. The fc is still selected as

5.6 GHz, and the impedance of HP/LP networks does not
change with α.
As can be seen from Figure 9 and Table 1, the bandwidth

is effectively further increased from 64% to 78% by
compromising return loss and passband ripple. The amplitude
difference between two ports is defined as the amplitude
imbalance, while the phase difference deviating by 90◦ is
defined as the phase imbalance. Their changes are also within
the acceptable range.

FIGURE 9. Relationship between α and hybrid characteristics. (a) α and
passband ripple. (b) α and return loss. (c) α and amplitude difference.
(d) α and phase difference.

C. QUADRATURE HYBRID SCHEMATIC SIMPLIFICATION
AND LAYOUT FULL-WAVE SIMULATION
The lumped elements in the quadrature hybrid circuit can
be further simplified before MMIC layout design. First, the
parallel capacitors or inductors in each arm can be combined.
Second, the parallel L1 and C2 of two adjacent arms resonate
at the central frequency, which can be equivalent to an open
circuit. After removing L1C2, as shown in Figure 10(a), only
the center frequency is not affected, the phase difference
in the broadband becomes a downward trend with the
increase of frequency and the phase imbalance increases
to 10◦. However, using the idea of phase compensation, the
phase-shifting network in the circuit provides us with the
possibility of adjustment. According to the HP/LP phase
difference curve in Figure 7(a), the slope in band can appear
in the opposite direction by tuning the center frequency,
even adjusting the value of 8 if necessary. For example,
when L1C2 is removed and HP/LP network is designed as
center frequency of 4.7 GHz, the optimized phase difference
becomes flat again, as shown in Figure 10(b).

Second, the port relationship of the proposed quadrature
hybrid is different from that of the traditional hybrid. For
the convenience of application, the port position is shifted
according to the symmetry of the circuit structure, and avoid
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FIGURE 10. Phase compensation in schematic simplification.
(a) Comparison on removing L1 and C2. (b) Optimized phase difference.

FIGURE 11. Final schematic of the quadrature hybrid and the values of
lumped-elements.

FIGURE 12. Comparison on circuit simulation and full-wave simulation
results.

the lines crossing by using an air bridge. The isolation of the
air bridge part is greater than 35 dB at this frequency, so it
does not affect the overall performance. After adjustment,
the input port (port 1) and isolation port (port 4) are on
the same side, and the direct port (port 2) and coupled port
(port 3) are on the other side, which facilitates interconnection
with adjacent circuits. The final schematic and the values of
lumped elements are shown in Figure 11.

After optimization, the proposed quadrature hybrid still
has 28 lumped elements, which is a relatively large number.
Therefore, it is necessary to attach importance to the chip

FIGURE 13. Yield analysis of the proposed quadrature hybrid. (a) Extra
insertion loss. (b) Return loss. (c) Amplitude imbalance. (d) Phase
imbalance.

area, extra insertion loss and the error caused by process
stability. In the MMIC layout design, the HP unit in the
phase-shifting network adopts a T-type, while the LP unit is
a π -type, which is to reduce the number of inductors that
occupy more area, so that the MMIC is compact. Several
shunt capacitors at the air bridge are not combined, but evenly
arranged in the circuit. This maintains symmetry for the
physical structure to reduce imbalance. The parasitics of the
lines connecting the lumped-element are considered in the
full-wave simulation. In Figure 12, the extra insertion loss of
the full-wave simulation is about 1.3 dB, and the other results
are close to the circuit simulation.

Yield simulation is performed to analyze the sensitivity
of the circuit to process and temperature variations. The
probability distribution functions of yield variables provided
by the foundry are used for simulation. Statistics are
performed on each parameter in the range of 4 to 8 GHz,
as shown in Figure 13, where the ordinate is the proportion in
500 times simulations. It is shown that the variation range of
the extra insertion loss is 1.1∼1.8 dB, the return loss is always
lower than −13 dB, and the amplitude and phase imbalance
are less than 0.3 dB and 2◦. The yield simulation results
demonstrate that the performance varies within a predictable
range with process and temperature.

IV. VARIABLE GAIN AMPLIFIER DESIGN
Referring to Figure 1, it can be seen that in the receiver and
correlator, the two output ports of the quadrature hybrid are
each connected to an amplifier. Therefore, we propose to
design the hybrid and amplifier cascade as an integrated chip
for the convenience of application. However, the amplifier
plays different roles in these two places.

In the receiver, the amplifier is used to adjust the gain to
ensure the consistency of the different receiving channels.
In addition, only one sideband is required in the image-
reject down conversion, and the image sideband is often
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FIGURE 14. Schematic diagram of the VGA.

FIGURE 15. DC characteristics of the VGA stage. (a) IDS and VDS changes
with VC or VG. (b) gm changes with VC or VG.

matched and absorbed by a resistive load. That is to say,
only one amplifier is needed in a particular case. Therefore,
an idea is put forward that when the amplifier is not powered,
its input terminal is also matched, which not only saves
the power consumption, but also eliminates the need for
external matching loads. In the correlator, the detectors tend
to be poorly matched in the broadband range. To prevent the
reflected signal into the hybrid and affecting its balance, the
amplifier is used to provide high reverse isolation. To sum
up, the amplifier is a VGA, and it maintains good return loss
and isolation when the gain changes, without pursuing high
gain. the VGA is made of two 4 × 50 µm common-source
transistors, in which the first stage provides variable gain
and the second stage is constant gain. Firstly, both the two-
stage adopts the self-bias scheme to avoid negative DC power
supply while voltage dividing resistors are used at drain,
leaving only one+3V power supply pad. In addition, in order
to ensure the flatness in the band when the gain changes,
RC feedback topology is used. The schematic diagram is
shown in Figure 14. The simulated small-signal gains of the
two stages are 7dB and 10dB, respectively.

The VGA stage design is based on a variable trans-
conductance (gm) topology [26]. The trans-conductance
of active devices is controlled through the variation of
external DC control voltage (VC), so that the gain changes
accordingly. In this design, the VC is added to the gate of the
transistor after using voltage dividing resistors (R1 and R2).
Since the circuit adopts a self-biasing structure, the VC can
be a positive voltage, and no additional active devices are
required [27]. Figure 15 shows the DC characteristics of the
VGA stage. It is evident that VGS changes with the VC, while
gm varies from high to low. The maximum gain is obtained
around VC = 0V, when gm is maximum. With the increase
of VC, the gm curve becomes flat, which means that further
gain variation cannot be achieved.

FIGURE 16. S-parameter full-wave simulation results of VGA. (a) Gain.
(b) reverse isolation. (c) input return loss. (d) output return loss.

Figure 16 shows the full-wave simulation results of the
VGA chip when the VC changes from 0 to 1.5V. The gain
varies from 17 to 9 dB and is flat in the 4∼8GHz range. As the
VC ascends, the gain variation range can continue to increase,
but since the VGA is only used to adjust the consistency of
channels, the current variation range of gain is sufficient. The
reverse isolation is greater than 37 dB. The return loss of the
input port remains below −12 dB, even if there is no VD
power supply. This is because the voltage dividing resistor R2
is also used as part of the matching circuit, making a trade-off
between matching and gain.

V. IMPLEMENTATION AND MEASUREMENTS
The quadrature hybrid integrated MMIC process based upon
a standard 0.15 um GaAs pHEMT. The microphotograph of
the MMIC is shown in Figure 17, in which the quadrature
hybrid is on the left and the two VGAs are on the right, with
the RF and DC ports located at the edge of the MMIC. The
overall size is 2.3 × 2mm2, of which the quadrature hybrid
part occupies 1.2× 1.4mm2.
Probe measurement can best show the performance of

the MMIC itself, but the spacing between the ports is very
small and cannot be connected with all probes at the same
time. Therefore, we assemble the MMIC into a module
with bonding wires. Although there are parasitic and loss
of the transmission line, the measurement results reflect the
real application state. The device under test (DUT) and the
measurement environment are shown in Figure 18. The vector
network analyzer (N5227B) is used to measure S parameters.

The DUT is measured under the normal operating
condition when VD = 3 V, VC = 0 V, and compare
with the simulation result to evaluate the quadrature hybrid.
In Figure 19 (a) and (b), the bandwidth range that we
are most concerned about is 3.8∼8.5 GHz (FBW 75%).
Within this frequency band, the gain is about 3 dB lower
than the simulation, which can be understood as the loss
introduced by the bonding wires, PCB transmission line and

VOLUME 10, 2022 79821



X. Chen et al.: Novel Broadband Microwave Lumped-Element Quadrature Hybrid MMIC

FIGURE 17. Microphotograph of the quadrature hybrid and VGA
integrated MMIC.

FIGURE 18. Modular measurement set-up.

coaxial connectors during modular measurement. However,
the overall trend is close to the simulation results, and the
passband ripple is less than 0.7 dB. S11 in Figure 19 (c)
reflects the input return loss of the quadrature hybrid, which
is less than −16.4 dB. S22 shows that the output return
loss of the VGA is less than −22 dB. Both the measured
results are better than the simulation. Figure 19 (d) presents
the isolation of the hybrid S14 and the reverse isolation
S12. The reverse isolation greater than 40 dB meets the
application requirements in the correlator. The amplitude
and phase imbalance of two different paths are compared in
Figure 19 (e) and (f). When the direct port (port 2) is used
as the output port, the amplitude and phase imbalance is
0.5 dB and 2.6◦, respectively, while the coupled port (port 3)
corresponds to 0.4 dB and 1.8◦.
Table 2 lists the comparison with other quadrature hybrids

reported in recent years. Due to the difference in the process

FIGURE 19. Comparison of modular measurement and simulation of
quadrature hybrid integrated MMIC.

FIGURE 20. Modular measurement results of quadrature hybrid
integrated MMIC with VC changing.

or substrate of various circuits, the guided wavelength (λg) is
used as the unit of size. It is obvious that the size of lumped-
element hybrids is significantly decreased. The bandwidth of
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TABLE 2. Comparison with the previously reported 3dB quadrature hybrids.

the proposed quadrature hybrid is greatly improved in the
limited chip area, while maintaining a low phase imbalance
in the band.

Further, the control voltage VC was adjusted from
0 to 1.5 V, and the effects on S-parameters and imbalance
were measured and observed. It can be seen from Figure 20
that the gain changes from 10.6 dB to about 5 dB, and at
the same time, the other S-parameters and the imbalance
are almost unchanged. It shows that the quadrature hybrid
and the VGA have excellent inter-stage matching, so that the
adjustment of the VGA has no effect on the hybrid.

VI. CONCLUSION
In this paper, a novel lumped-element quadrature hybrid
is proposed and demonstrated. In the circuit design, the
broadband characteristics is analyzed, and it is cascaded with
a VGA chip and implemented as a C-band integrated MMIC
based on the GaAs process. The measurement results show
that the quadrature hybrid has 75% FBW, less than 0.5 dB
and 2.6◦ imbalance, and the circuit area only occupies 1.2mm
× 1.4mm (0.07λg × 0.08λg), which is very suitable for
applications in broadband and high-integration circuits.
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