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Abstract—This paper presents the design and analysis of an
improved wideband in-phase/quadrature (I/Q) network and its
implementation in a wideband phased-array front-end. It is
found that the addition of two resistors in the all-pass I/Q
network results in improved amplitude and phase performance
versus capacitance loading and frequency, which is essential for
wideband millimeter-wave applications. A prototype 60–80-GHz
phased-array front-end based on 0.13- m SiGe BiCMOS is
demonstrated using the improved quadrature all-pass filter and
with 4-bit phase-shifting performance at 55–80 GHz. Application
areas are in wideband millimeter-wave systems.

Index Terms—Active phase shifter, beam-forming network,
BiCMOS analog integrated circuit, in-phase/quadrature (I/Q)
network, phase shifter, phased array, quadrature network, smart
antenna.

I. INTRODUCTION

E LECTRONIC phase shifters are essential for phased
arrays, and have been implemented using passive and

active networks in CMOS and SiGe technologies [1]–[19].
The active approach is based on an in-phase/quadrature (I/Q)
network, and phase interpolation is achieved by adding the
I/Q signals with appropriate amplitudes and polarities (Fig. 1)
[11]–[19]. A low-loss accurate I/Q network is therefore an
important circuit element of the active approach for precise
phase shifting. To circumvent the loss in traditional R–C-based
passive quadrature generators such as RC–CR bridge or R–C
polyphase filters, a new quadrature all-pass filter (QAF) based
on an L–C series resonator was proposed in [16]. The QAF
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Fig. 1. Active phase-shifter architecture.

utilizes a second-order series resonance and provides a wide-
band quadrature signal with maximum 3-dB voltage gain, and
has been implemented in several wideband phased-array chips
[14]–[19].
However, at millimeter waves, the QAF loading capacitance

due to the vector modulator can be comparable to the internal
QAF capacitance, and this results in significant I/Q errors. In
fact, this problem was known in [16], and it was recommended
that the loading capacitance be chosen to be 0.1–0.2 of
the filter capacitance ( ) for reduced phase errors. At mil-
limeter-wave frequencies, this is not possible in many cases,
and therefore, an improved QAF network that is not sensitive
to the loading capacitance is required. This paper presents
the analysis of such a network, and its implementation in a
wideband 60–80-GHz phased-array front-end.

II. ACTIVE PHASE-SHIFTER ARCHITECTURE

The active phase-shifter architecture is presented in Fig. 1.
An I/Q network and two variable gain amplifiers (VGAs) are
used in a differential mode for sign reversal, and the VGA out-
puts are summed in the current domain to create the final vector
with arbitrary phase shift. The output phase relies on the gain
ratio between the I- and Q-paths, and this results in a robust
design against process, supply voltage, and temperature varia-
tions. Phase synthesis based on the interpolation of quadrature
vectors is a linear operation and is independent of frequency,
guaranteeing wideband operation. The fundamental limitation
of the phase accuracy and the operating bandwidth is given by
the quadrature network.

A. Analysis of Phase Synthesis Based on Signal Interpolation

To investigate the effect of the amplitude and phase er-
rors in the quadrature network on the output phase accu-
racy, define a quadrature signal set as

, where and are the I/Q
amplitude mismatch and phase imbalance of the basis I/Q
vectors and , respectively. The linear combination of the
reference vectors is ,
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Fig. 2. Contour plot of I/Q errors (quadrature phase error, , and ampli-
tude mismatch, ) in a quadrature network for 3-bit (region I,

), 4-bit (region II, ) and 5-bit
(region III, ) operation.

where and are amplitude weights determined by the
output phase . The phase error
and amplitude error of the output signal are given by
(1) and (2), respectively,

(1)

dB (2)

where with
number of phase bits, and

( , for , for
and for ).
When ( 90 phase bit), and

, respectively, consistent with intuition (
, if ). should be to avoid any

phase overlap between different phase bits, guaranteeing -bit
phase resolution. Fig. 2 presents contour plots of and for
several cases of . To achieve 3-, 4-, and 5-bit accuracies,
the I/Q errors should be inside regions I–III, respectively. For
example, for 5-bit phase accuracy, needs to be less than
5 with a maximum of 1.5 dB of I/Q amplitude error in the
quadrature network.

III. QUADRATURE SIGNAL GENERATION

A. R–C-Based and L–C Resonator Quadrature Generators

The traditional RC–CR network has been widely used for nar-
rowband quadrature signal generation [see Fig. 3(a)]. To ex-
tend the operation bandwidth, multistage R–C polyphase filter
of which a single stage is shown in Fig. 3(b) has been used.
However, the limitation of these I/Q networks is the loss, which
tends to increase significantly with the number of stages for
wideband operation. Therefore, the main applications of these

Fig. 3. (a) Typical R–C-based lumped passive quadrature networks: RC–CR
network, (b) R–C polyphase filter (one stage), and (c) L–C resonance-based
quadrature networks. The differential version is called the QAF filter [16].

networks are in high signal routes such as local oscillator (LO)
or IF rather than the RF path [20]–[22].
Quadrature signals can also be generated without any

voltage loss using an L–C resonance technique, which is
shown in Fig. 3(c) for the single-ended version (where

and ). The
transformation to a differential all-pass network having equal
I and Q magnitude for all and wider
bandwidth (due to lower factor), called a QAF, is described
in [16]. The transfer function of the QAF is

(3)

where . For practical applications with ,
the QAF results in 2–3-dB voltage gain over a wideband fre-
quency range (3:1), which is much better than the R–C-based
I/Q networks [16]. The QAF can generate any phase differ-
ence between two outputs by changing the resistor value ( )
in Fig. 3(c): i.e., in general, the replacement of with
will generate of phase difference between the
output ports.

B. Performance Comparison

Fig. 4 shows the performance comparison between the
polyphase filters and the QAF, when driven by ideal voltage
source and with no capacitance loading. For a fair comparison,
the polyphase filters are also driven in an all-pass mode where
the quadrature-phased differential input, , is tied to the
in-phase differential input, in Fig. 3(b), resulting in equal
I/Q amplitude for all and quadrature phase splitting at the
pole frequency [22]. The poles of each stage in
the two- and three-stage polyphase filters are also set at the
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Fig. 4. Performance comparisons between quadrature networks. (a) R–C one-,
two-, and three-stage polyphase filters ( , , and ) and QAF ( ).
(b) Quadrature phase error and gain characteristics versus normalized angular
frequency for the QAF and polyphase filters. , fF,

pH, and GHz.

same value. The three-stage polyphase filter shows the widest
I/Q phase bandwidth at the expense of high loss. The I/Q
phase-error characteristic of the QAF is equivalent to that of
the second-order polyphase filter, but the QAF achieves 6-dB
higher voltage gain than the second-order polyphase filter.
The QAF can achieve more than 100% bandwidth with an I/Q
phase error 5 and with 2.6 dB of voltage gain. Another
difference between the polyphase filters and the QAF is that
the QAF provides real input and output impedances over a
wide bandwidth, while the input and output impedances of the
polyphase filter are capacitive (Fig. 5) [16]. Typically input and
output return losses of the QAF are 10 dB over more than
240% bandwidth.

C. Improvement of the QAF Under Loading Capacitance

A parasitic loading capacitance, , will cause I/Q errors in
the QAF and these errors are large at millimeter-wave frequen-
cies since can be comparable to the filter capacitance .
Decreasing ratio by increasing while kept constant
can relieve this problem [16]. However, at millimeter-wave fre-
quency, this will drop the impedance of the QAF network too
low; hence, making it hard for the preceding stage to drive the
QAF.

Fig. 5. Input and output impedance of the I/Q networks shown in Fig. 4.
(a) Input differential impedance and (b) output differential impedance for one
of the I/Q outputs. For QAF, dB and dB at 37 GHz
(0.53 ) to 132 GHz (1.88 ).

The insertion of a series resistance in the high- branches
of and reduces the network and its sensitivity to the
loading capacitance (Fig. 6). In this case, the I/Q transfer func-
tion of (3) is modified as (4), and separates the negative real
poles farther through decreasing by . does not
disturb any zero location. Since the quadrature phase relation is
set by the geometry of the zero positions, the I/Q phase charac-
teristics of (4) are identical to those of (3)

(4)

Fig. 7 presents the simulated QAF I/Q phase errors and magni-
tude mismatches with several values of versus at
. The I/Q errors are suppressed with the increase of and the

QAF is insensitive to the parasitic capacitance when at
. The penalty is loss, as shown in Fig. 8, and the maximum

loss to desensitize at is 6 dB when (Fig. 8 is
done for ). The added benefit of is that it in-
creases the QAF input impedance by and increases



3434 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 60, NO. 11, NOVEMBER 2012

Fig. 6. reduction in the QAF using to desensitize the loading capacitance.

Fig. 7. I/Q errors (phase errors and amplitude mismatches) in the QAF under
capacitive loading, , with several values of in Fig. 6.

Fig. 8. Amplitude response of the improved QAF versus .

the load impedance on the previous amplifier stage (thus low-
ering its power).
An in-depth look at the frequency response of the QAF with a

loading capacitance and the corresponding effect of is shown
in Fig. 9. The simulations are done for a QAFwith a natural
, i.e., and . It is seen that the phase mismatch
between the I and Q outputs for C is the same as

, but with a shift in frequency due to the loading [see
Fig. 9(a)]. The addition of an serves to reduce the factor
of the network and widen the frequency response at the expense

Fig. 9. (a) I/Q phase error when increases . (b) I/Q phase
error when increases . (c) I/Q amplitude mismatch when

increases . (d) I/Q amplitude mismatch when increases
. (e) I and Q voltage gain when increases .

(f) I and Q voltage gain when increases .

Fig. 10. IBM 8HP metal stack-up.

of loss, as shown in Fig. 9(b). In effect, the I/Q response can
be re-centered for a specific value and an is not really
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Fig. 11. Circuit schematics of the wideband millimeter-wave phase-shifter front-end.

needed. However, the amplitude mistmatch between the I and
Q output is greatly affected by the loading [see Fig. 9(c)]
and the addition of to the network improves the
mismatch to 1.5 dB (from 4 to 5 dB) over a wide frequency
range [see Fig. 9(d)], and allows the design of wideband 5-bit
phase shifters. In reality, the choice of depends on and
can be minimized with proper scaling of the QAF impedance
together with optimizing the loading transistor size.
Finally, process, voltage, and temperature (PVT) simulations

are done for the QAF with a loading capacitance of
. Considering the process variations of ,

, and and temperature range
from 40 to 110 , the I/Q phase and amplitude error at the
center frequency are less than 14.5 and 4.8 dB, respectively
when . However, if , the phase error is less
than 7.5 and the amplitude error is reduced to 0.2 dB at the
center frequency.

IV. WIDEBAND 60–80-GHz PHASE-SHIFTER DESIGN

The active phase shifter is designed using a 0.13- m SiGe
BiCMOS process (IBM 8HP). The IBM 8HP supports seven
metal layers including two thickmetal layers, AM m and
LY m , for low loss of the RF routing (Fig. 10). The
SiGe npn transistors with a peak cutoff frequency of 200
GHz, metal–insulator–metal (MIM) capacitors 1 fF m and
spiral inductors are provided in the design kit, but in this study,
coplanar waveguide (CPW) transmission lines are used as the
inductors using shorted stubs. The transition between the 50-
transmission line and the ground–signal–ground (G–S–G) pad
is designed using an electromagnetic (EM) simulator (Sonnet

[23]) to provide a 50- impedance and 25-dB reflection co-
efficient.
The active phase-shifter circuit is shown in Fig. 11. First,

the single-ended RF input signal is amplified by a three-stage
low-noise amplifier (LNA), and then converted to a differential
signal using an active balun. Next, the differential quadrature
signals are generated using a QAF loaded with and the I/Q
signals are sent to a vector modulator. One output of the vector
modulator is terminated in 50 for single-ended -parameter
measurements.
A common-emitter topology is adopted for the LNA to pro-

vide low-noise matching and 50- input matching (Fig. 11).
The first stage is biased at 1.0 mA m, which is the middle
bias point between the lowest noise figure (NF) and the max-
imum power gain. The input matching is done using a single
shunt inductor at the gate for theminimum chip area. The second
and third stages are biased to maximize the gain. The LNA con-
sumes 9.3mA from a 1.5-V supply (14mW) and achieves a sim-
ulated voltage gain of 19 dB at 70 GHz, and with dB
at 55.5–73.0 GHz. The simulated NF is 8 dB and the 1-dB com-
pression point is 19 dBm (when simulated with a 50-
output port).
The active balun is realized using a two-stage differential am-

plifier by grounding one of the differential inputs of the first
stage. In order to provide additional common-mode rejection,
resistors are placed at the drain of the current source transis-
tors (Fig. 11). Simulations indicate that the output signal has an
amplitude imbalance of 0.7 dB and the phase error of 2.2 at
70 GHz. The simulated balun voltage gain is 7.9 dB at 70 GHz
for a current of 11.2 mA.
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Fig. 12. Microphotograph of the wideband 60–80-GHz phase-shifter front-end
(1.15 0.92 mm including pads).

After a buffer stage with a simulated voltage gain of 1.3 dB
at 70 GHz, the differential quadrature signals are generated by
the improved QAF network (Fig. 11). From the desired center
frequency and reasonable QAF impedance ( ), the initial
and values can be determined ( for ,

). In this design, the estimated loading capaci-
tance is fF, which results in ,
which causes an I/Q phase error of 18 and an amplitude mis-
match of 6 dB at the center frequency (see Fig. 7). After band-
width extension by lowering [16] and EM simulation, the
final optimized values of and are ,

pH, and fF. By choosing
, I/Q errors are greatly minimized and the input impedance

doubles to 40 .
The vector modulator is composed of two Gilbert-cell type

VGAs [16], [17] and the desired phase signal is synthesized by
adding the current-domain I/Q signals with the proper gains at
the output nodes (Fig. 11). The 180 phase shifting is done by
switching the tail current ( and )
and the variable gain function is done by changing the bias cur-
rent of the I/Q branches (Ibias and Qbias). The vector modulator
consumes 11.6 mA from a 3-V supply with a voltage gain in-
cluding the QAF of 3.2 dB at 70 GHz.

V. MEASUREMENT RESULTS

All measurements are done on-wafer using an Agilent
E8361A vector network analyzer with extenders to 110 GHz.
A standard short-open-load-thru (SOLT) calibration to the
-band GSG probe tips is first done using the Cascade

138–357 calibration substrate [24], and the measurements in-
clude the GSG pad transition loss. Several chips were measured
and resulted in similar measurements.
Fig. 12 presents the chip microphotograph of the wide-

band active phase-shifter front-end. The overall chip size is
1.15 0.92 mm including pads with a power consumption of
108 mW (LNA: 9.3 mA, 1.5 V, balun: 11.6 mA, 3.0 V, buffer:
8.6 mA, 3.0 V, vector modulator: 11.6 mA, 3.0 V). The power
consumption is relatively high due to the wideband design of

Fig. 13. Measured and simulated and for 16 phase states.

Fig. 14. Measured and simulated gain response for 16 phase states and rms
gain error.

60–80 GHz. Also, since this was a demonstration circuit for
the improved QAF, low-power techniques, such as interstage
transformer neutralization, were not used.
Fig. 13 presents the measured input and output matching

characteristics for 16 phase states. It is seen that is 10 dB
at 60–80 GHz, and is 10 dB at 60–73 GHz. The mea-
sured does not agree well with simulations and this could
be partly due to slight imbalances in the differential output port
(one is internally loaded with 50 and the other is connected
to the GSG pad) and partly due to the inaccurate capacitance
EM simulation. The measured average power gain is
11.0–14.7 dB at 60–79 GHz and agrees well with simulations.
The peak-to-peak gain variation is 2.3 dB, and the root
mean square (rms) gain variation is 1.3 dB at 60–78 GHz for
the 4-bit phase states (Fig. 14). Fig. 15 presents the measured
4-bit phase responses from 60 to 80 GHz. The phase shifter
results in an rms phase error of 9.1 at 60–78.5 GHz, and
5.6 at 70–77.5 GHz, showing wideband 4-bit performance.
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Fig. 15. Measured phase response and rms phase error.

Fig. 16. Measured quadrature phase error and amplitude error.

Fig. 17. Measured and simulated NF.

An accurate method to measure the QAF performance is to
compare the measured 0 and 90 responses of the active phase
shifter [16]. Fig. 16 shows that the I/Q phase and amplitude error
of the improved QAF is 9.5 and 0.5 dB for 55–78.5 GHz,
respectively, which is a proof that the improved QAF does gen-
erate accurate I/Q signals under high capacitive loading. Both
follow the response predicted in Fig. 9.
The measured NF ranges is 9–11.6 dB at 63–75 GHz and

agrees well with simulations (Fig. 17). The NF is nearly inde-
pendent of the phase states because the LNA/active-balun gain
is high enough to ignore the NF variation in the vector mod-
ulator. The measured 1-dB gain compression point is
27 dBm at 70 GHz (not shown).

Fig. 18. Measured gain and rms errors at different temperatures.

Fig. 18 presents the measured gain and rms errors at different
temperatures up to 67 GHz (limited by the test setup). The gain
drops by 10 dB from 20 to 110 . In the future, this gain
drop can be compensated using proportional-to-absolute-tem-
perature (PTAT) biasing circuits, as shown in [8]. On the other
hand, the rms phase and gain errors remains the same, showing
that the vector modulator amplifiers track each other over a wide
temperature range.

VI. CONCLUSIONS

This paper has presented an improvedQAF and its implemen-
tation in a 60–80-GHz active phase shifter using 0.13- m SiGe
BiCMOS technology. It has been demonstrated that with the in-
clusion of an in the QAF, the capacitive loading
problem is mitigated and the I/Q phase and amplitude errors
are minimized. This technique is especially suited for wideband
millimeter-wave circuits, which naturally result in high
values and cannot be tuned using narrowband techniques. A pro-
totype wideband receiver resulted in state-of-the-art I/Q ampli-
tude and phase balance at 55–78GHz evenwith a loading
of 0.5–0.8.
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