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A 60 GHz eight-element phased-array
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This paper presents the design of an eight-element 60 GHz phased-array receiver chip with interference mitigation capability,
fabricated in 0.25 mm SiGe BiCMOS technology. Each receiver element contains a low noise amplifier (LNA) and a vector-
modulator that supports high-resolution amplitude and phase control. A fully differential power combining network follows
the eight elements. The chip also includes an active power divider, a down conversion mixer, and fully integrated 48 GHz PLL
to demonstrate the IF down-conversion. With LNA, a phase shifter and hybrid active and passive power combining network,
each receiver path achieves 18 dB of gain, 3608 phase shift in steps less than 38, 20 dB amplitude control, and 4 GHz
3 dB-bandwidth and input referred 1 dB compression point P1 dB of each element is of 222 dBm. Each receiver element dis-
sipates in total 132 mW. The phased-array receiver shows more than 25 dB of signal to interference noise ratio, by means of
amplitude and phase control.
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I . I N T R O D U C T I O N

The 9 GHz of the unlicensed spectrum around 60 GHz band
makes it very suitable for indoor multi Giga-bit-per-second
(Gbps) communication as wireless local area network
(WLAN) and wireless personal area network (WPAN) [1, 2].
The current silicon technologies suffer from higher noise and
lower output power at millimeter-wave (mm-wave) frequencies
compared with III–V counterparts. It seriously limits the link
budget of Gbps transmission. In order to achieve multi-Gbps
transmission for WPAN and WLAN applications, highly direc-
tive antennas would be one solution to compensate high trans-
mission loss as well as the limited output power of silicon-based
transmitters. However, such antennas are not suitable for con-
sumer applications that essentially require wide coverage [3].
Here arises the need to develop phased-array transmitters
and receivers working at mm-wave frequencies to provide
high link gain without sacrificing angular coverage [4, 5]. The
main advantage of the phased-arrays is that electronic beam
forming and steering can be achieved. In transmitters,

phased-arrays are used to increase the effective isotropic
radiated power (EIRP), while in receivers, they are used to
increase the signal to interference-noise ratio (SINR). Higher
EIRP and SINR are translated into higher bit rate and longer
distance [6, 7]. Recently, several industrial standards for
60 GHz communication have been released, for example
WirelessHD, IEEE 802.15.3c, ECMA 387, and IEEE 802.11ad.
In a few years, the 60 GHz band will be crowded with
WPAN and WLAN devices. As the number of devices increases
the radiofrequency (RF) interferences level will increase as well.
Phased-array receivers are capable of mitigating RF interfer-
ences; however, limited resolution phase shifter is not enough
for efficiently filtering spatial co-channel interference;
however, both amplitude and phase controls are needed to
shape the antenna beam pattern and provide more efficient
spatial filtering for RF interferers as discussed in [8, 9].

A fully integrated phased-array receiver front-end for
60 GHz applications featuring high resolution phase and
amplitude control, which enables co-channel interference
mitigation, is presented in this paper. The chip also includes
an active power divider to facilitate both RF and IF character-
ization. In Section II, the proposed phase-array receiver archi-
tecture and its capability to interference mitigation are
presented. Section III describes the circuit level design of the
vector modulator and its integration with 60 GHz receiver
blocks. The implementation of the active power combining
network is discussed in Section IV. Measurement results of
the fabricated 60 GHz phased-array receiver chip are pre-
sented in Section V.
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I I . P H A S E D - A R R A Y R E C E I V E R
A R C H I T E C T U R E F O R
I N T E R F E R E N C E M I T I G A T I O N

A) Interference mitigation technique
This paper presents an eight-element 60 GHz phased-array
receiver designed for co-channel interference mitigation.
The schematic diagram for the phased-array receiver is
shown in Fig. 1. Previously, we proposed the beam-forming
receiver architecture for interference mitigation in [10]. The
system level simulation showed that a maximum of 25 dB
SINR can be expected. Most of the existing techniques in
the beam-forming and phased-array receivers are working
as follows. It measures the channel information at the receiver
input then applies the phase control to the integrated phase
shifters to change the direction of the main lobe of the
antenna beam pattern. This will reduce the interference level
at the baseband input. While the presented technique measures
the channel state information (CSI) under orthogonal phase
conditions. Then it calculates the optimum weights for both
I/Q vectors of each receive element. The optimum weights
for both I/Q vectors are translated into both amplitude and
phase information. One of the main differences of this tech-
nique is the amplitude control in the vector-modulators,
which enable true beam-forming not just beamsteering.
Finally it applies those weights to the vector-modulators that
are integrated in the presented receiver chip. This will enable
the receiver to nullify the co-channel interferences.

Figure 2 shows the simulation of SINR of the presented
work and the IEEE 802.15.3c under an interferer from 458
angle. The presented technique could suppress the interferer,
while the IEEE 802.15.3c attenuated the interferer, resulting in
25 dB higher SINR. This improvement in the SINR is a result
of the full control of both I/Q vectors of each receiver element.
This enables the receiver to control both the amplitude and
the phase in different elements. Consequently controlling
both beam direction and shape. The IEEE 802.15.3c has
only four discrete phase-shifting states; this will limit the
interference rejection to discrete number of directions
depending on the phase state. While the presented architec-
ture phase states are limited only by the digital to analogue
converters, which will be used to control the vector-

modulators it can reject the interference from almost any
angle.

B) Phase shifting element architecture
There are three major categories of the phased-array architec-
ture depending on the position of phase shifters in the system.
Silicon mm-wave phased-array systems with Local Osillator
(LO) phase shifting architecture have been introduced in
[7, 11]. In order to make the phase shifting in the LO path
less power hungry and less complex many techniques have
been introduced such as injection-locked oscillators and
phase shifting in lower frequency. In this case, a frequency
multiplication stage should be employed to generate the
required LO signal as in [12–18]. IF and baseband phase shift-
ing have been reported in [19, 20] and RF phase shifting archi-
tecture in [21–27]. Bidirectional RF phase shifting 32 channels
phased-array transceiver has been reported in [28]. RF phase
shifting and combining architecture has the lowest silicon area
and power consumption and minimum number of extra com-
ponents. The main challenge in realizing the RF phase shifting

Fig. 1. The block diagram of the phased-array chip.

Fig. 2. Comparison between interference mitigation of the proposed
architecture and the IEEE 802.153c 2-bit beam-forming.0
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is the design implementation of a high performance RF phase
shifter and the low loss RF power combining network.

The RF phase shifting and combining architecture exhibits
the lowest silicon area and lowest number of added com-
ponents. This translated to lower power consumption.
However, the performance of the receiver front-end in
terms of noise, linearity, and gain and power consumption
is directly affected by the performance of the phase shifter.
Friis’s equation for cascaded noise factor shows that if the
LNA gain is close to 20 dB, the effect of the following stages
can be neglected. So the noise figure is not the main affecting
factor, the power consumption of passive phase shifters is
lower but the insertion loss is not constant versus phase
shift, and this leads to array gain variation. To compensate
this effect, variable gain amplifier (VGA) is needed. This
results in a similar power dissipation of the vector modulator
to the passive phase shifter with VGA. Vector modulator
phase shifter has been chosen to be implemented in this
front-end.

C) Receiver architecture
The 60 GHz phased-array receiver front-end presented in this
paper is designed to be compatible with the sliding-IF super-
heterodyne architecture as shown in Fig. 1. It consists of eight
RF phase shifting front-ends. Each contains a three-stage fully
differential common-emitter LNA and an mm-wave vector
modulator. The LNA is featuring 18 dB of gain and 6.8 dB
of Noise Figure (NF) and detailed schematic and description
of the LNA can be found in [29]. A fully differential power
combining network is used to combine outputs of each recei-
ver element, and feed the signal to a down-conversion mixer
that performs frequency down-conversion from 60 GHz RF
to 12 GHz IF with 48 GHz LO generated from a fully inte-
grated frequency synthesizer. The down-conversion mixer is
based on Gilbert’s cell structure as in [30]. The on chip inte-
grated PLL described in [31] generates the LO signals for
both RF and IF down-conversion stages. The integrated
48 GHz VCO drives the mixer and is divided by four
divider chains to generate the required 12 GHz, I/Q signals
to drive the demodulator. To characterize the performance
of the phased-array receiver at 60 and 12 GHz, an active
power divider is inserted between the active power combiner
and down-conversion mixer.

I I I . V E C T O R - M O D U L A T O R D E S I G N

As discussed earlier, in order to adjust beam pattern for inter-
ference mitigation, both amplitude and phase control are
necessary. This section describes the design of the mm-wave
vector-modulator. Main requirements of the RF vector-
modulator for receiver applications are low insertion loss to
minimize the noise figure of the receiver and high linearity
to avoid saturation by large interference. Particularly, the
vector-modulator should also have low phase and amplitude
errors to avoid beam distortion, resulting in lowered
antenna gain within the angle of interest [26]. Figure 3
shows the block diagram of the proposed vector-modulator.
It consists of an in-phase and quadrature (I/Q) generation
network to split incoming differential RF signals into I and
Q paths. The amplitudes and polarities of I and Q paths are
controlled independently using VGAs which invert the

phase. By summing the outputs of the VGAs, the resultant
vector can be allocated freely in the entire complex plane.
The ideal gain and phase transfer functions of the vector-
modulator are given in (1) and (2), respectively. Where AI

and AQ are the amplitude weights of I and Q

G =
��������������
AI| |2+ AQ

∣∣ ∣∣2
√

(1)

w = arctan
AQ

AI

( )
(2)

Since the output phase depends on the gain ratio between
I and Q paths, phase errors come not only from the phase
mismatch between I and Q branches but also from the gain
mismatches. It could be compensated by adjusting VGA
gains. However, this will increase the complexity of the
control circuits of the VGA.

In modern phased-array chips, digitally controlled phase-
shifters are a must. In order to make the control circuits
and Digital to Analog Converters (DACs) as simple as poss-
ible, minimization of I/Q gain and phase-error are critical.
The design procedure of the mm-wave vector-modulator
which is suitable for a phased-array receiver can be summar-
ized in few simple steps. The first step is to design the I/Q gen-
eration network, which exhibits low insertion loss and low I/Q
imbalance. Step two is to optimize the VGA core to support
the four quadrants. Finally, an output matching network
should be designed to provide lowest amplitude and phase
changes.

A) 9088888 hybrid coupler design
In vector-modulators, I/Q generation can be achieved by an
all-pass polyphase filter [22, 32], 908 transmission lines [25]
or quadrature coupler [33]. The quadrature hybrid coupler
is chosen for this design because it offers low insertion loss,
easy matching to 100 V differential transmission lines, and
low I/Q amplitude and phase errors. Hybrid coupler can be
constructed from two coupled lines if their length is a quarter-
wave length. Coupled transmission lines can be implemented
as edge- or vertical-/broadside-coupled lines. Edge-coupled
Lange couplers operating at 60 GHz have been reported
[33]. Vertical coupled lines and couplers have reported in
[34]. However, it is challenging to implement broadside
coupler in silicon technologies, due to the conductive

Fig. 3. Block diagram of the mm-wave vector-modulator.
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substrate, high ohmic loss in the conductors, and the limited
height of interlayer silicon dioxide. In this work, a broadside
differential 3-dB hybrid coupler was implemented using
in-house SiGe BiCMOS technology with five metallization
layers. To achieve high coupling efficiency, 3rd and 4th
metal layers were used, where inter-layer distance is 0.9 mm
while the lowest metal layer was employed as the ground for
the microstrip lines. The metal stack of the used technology
is shown in Fig. 4.

The overall coupler consists of two identical 908 single-
ended vertically stacked broadside hybrid couplers as
shown in Fig. 5: the two couplers are fed from port one
through a 100 V differential transmission line, which is
implemented in the top most metal layer with conductor
width of 3.5 and 4.5 mm spacing. The single-ended hybrid
coupler is meandered to save the area. The in-phase
outputs of the two single-ended couplers are connected to
port 2 to form the differential I signal, similarly the quadra-
ture outputs are connected to port 3. It is clear from Fig. 5
that port 2 is implemented in the 2nd top metal layer
while port 3 is in 3rd metal layer. The overall coupler struc-
ture is symmetric around the input lines.

The single-ended coupler is realized using vertically
stacked broadside coupled lines, the length of the lines is opti-
mized to be l/4 at 60 GHz. Due to the vertical nature of the
structure, the distributed capacitance between the lines is
different from the one between the bottom line and the
ground. The capacitance between the two coupled lines C1
as shown in Fig. 5 is much higher than the capacitance
between the lines and the ground C2. The width of the
lower line is chosen to be wider than the top line in order to
enhance the coupling: the fringing field from the top conduc-
tor intersects the lower one. This will result in higher coupling,
which is around to 23.5 dB. The width of both lines are opti-
mized to achieve the desired odd and even mode characteristic
impedances (Z0o, Z0e) which are 22 and 120, respectively, to
achieve 50 V impedance of coupler. The top line width is
5 mm and the lower line width is 8 mm. In the odd mode,
the capacitance between the two lines C1 will be much
higher than the capacitance to the ground C2 which will
result in low impedance. On the other hand, in even mode,
where C1 will be almost zero because the two lines have the
same potential then the dominant capacitance will be C2
which is small enough to achieve high even mode character-
istic impedance. Finally Electromagnetic (EM) simulations
were carried out to optimize the performance of the coupler
in terms of coupling, amplitude imbalance, and 908 phase
shift.

Finally, the two single-ended couplers, the feed lines, and
the output connection lines are fully EM simulated with
ADS momentum, to optimize odd-mode and even-mode
characteristic impedances (Z0o, Z0e), where the required
Z0e and Z0o are 240 and 42 V, respectively, which results
in 100 V differential impedance at the input and output
ports. Also the connection lines between the ports and the
couplers are optimized for best phase error. Fig. 6(a–c)
shows the simulated characteristics of the hybrid coupler.
The difference between the |S21| and |S31| is plotted in (b)
and it ranges from 0.9 to 1.2 dB from 50 to 70 GHz, in this
design the amplitude difference is sacrificed to be moderate
to achieve very low phase mismatch of 28.

Fig. 4. Metal stack of the used technology.

Fig. 5. Hybrid coupler physical constructions.
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B) Vector-modulator core
The VGA employed in this design is similar to the double-
balanced Gilbert cell. Figure 7 shows the detailed schematic
of the active core of the designed vector-modulator. It
consists of two VGAs sharing the resistive load R1 and R2.
Gain control of a single VGA is achieved though differential
analogue control voltages by steering the current though tran-
sistors quads Q3, Q4, Q5, and Q6. The differential control
voltage is generated from a differential pair as depicted in
Fig. 7; The VGA gain without linearization is given by (3):

vout

vin
= 2gm1R1 × tanh

Vcon

2VT

( )
(3)

where gm1 is the transconductance of Q1 and Q2, Vcon is the
differential control voltage applied at the bases of Q3, Q4,
Q5, and Q6, and VT is the thermal voltage. Since the gain is
related to control voltage with hyperbolic tangent function,
the control voltage should have very slow change for linear
control. The amplifiers used for this control were linearized
with high emitter resistor. RC is chosen to be 220 V and RE

is 650 V to give maximum output voltage swing of 0.3 V,
which is enough to control VGA gain.

Since the current is steered in the quads Q3, Q4, Q5, and Q6

it becomes constant in the main differential pair Q1 and Q2.
As a result, input matching and the linearity of VGAs do
not significantly change with gain variation. The main

differential pair transistors were chosen to have 3.4 mm
emitter widths, with input impedance of 55-j45 V, requiring
only 120 pH inductor to match the input impedance of the
transistor to 50 V. The bias current of Q1 and Q2 is chosen
to have 80% of the maximum fT current as a compromise
between power consumption and differential pair gain. The
output currents of two VGAs are combined in output
nodes. As the current is steered in the VGA quads (Q3–Q6)
and (Q9–Q12), the parasitic capacitance at the output nodes
(collectors of the Hetero-junction Bipolar Transistor
(HBT)) changes with the gain setting of the two VGAs. To
easily calculate this effect, the simple small signal equivalent
circuit for common base amplifier is shown in Fig. 8.
Assuming that rb is very small. The output current can be
rewritten as

iout = −gmv1 + voutsCm (4)

v1 = −(iout − vout × sCm) × RssCp

RssCp + 1
(5)

By solving (5) for iout and substitute in (4), the output impe-
dance can be calculated as

Zout ≈
1

jv(Cm + CCS)
(6)

Fig. 6. (a) Simulated performance of the coupler, both amplitude and phase difference, (b) S11, S22, S33 of the coupler, and (c) S21, S31 of the coupler.
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where Rs is the source output impedance, CCS is the collector
substrate capacitance, and Cm is the base collector junction
capacitance defined as

Cm = Cm0

1 − (VBC/co)
[ ]n (7)

where Cm0 is the base collector junction at zero bias, while VBC

is the base collector voltage. It is clear that the output impe-
dance at high frequencies is dependent on the bias voltage.
By applying the same concept to the output node of the
VGAs, The total output impedance of single VGA can be
easily calculated as

Cout =
(Cout3 + Cout5) × (Cout4 + Cout6)
(Cout3 + Cout5) + (Cout4 + Cout6)

(8)

Zout ≈
1

jvCout
(9)

Equations (8) and (9) show that the output capacitance of

the VGAs is changing with control voltage change. The
change of the total capacitance of the output node of
the vector-modulator will depend on the location of
the vector in the complex plan as depicted in Fig. 9(a). To
accurately determine the output impedance of the vector-
modulator; the inter-connects between the transistors have
been EM simulated using ADS momentum. Then both
inter-connect and transistors are used to simulate the
S-parameters. The simulated S22 of the vector-modulator
is plotted in Fig. 9(b). The output impedance is changing
with the phase state. From the output impedance, output
capacitance is calculated and it is found to be changing
between 83–93 fF. Using the L-section L-C load network
to match the output impedance to 100 V, the required L is
found to be 92 pH while the capacitor is 10 fF. The matching
capacitor is very close to the amount of change in the output
capacitance, this changing capacitance resonates with the load
inductor. This would result in high amplitude and phase vari-
ations as shown in Fig. 9(c). In order to minimize it, resistive
loads were used to achieve very low amplitude and phase
changes as plotted in Fig. 9(d). A small buffer amplifier was
employed to enhance the matching to the following 100 V

differential transmission line. The phase shifter draws
12 mA from 3.3 V supply, and exhibits a 1 dB compression
point of 27 dBm.

I V . P O W E R C O M B I N I N G
N E T W O R K D E S I G N

A) Architecture
The design of the mm-wave power combining networks is a
challenging task because it has different constraints such asFig. 8. Small signal equivalent circuit for common base amplifier.

Fig. 7. Detailed schematic of the mm-wave vector-modulator.
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power dissipation, insertion loss, silicon area, bandwidth, and
linearity. A series combining topology promises the minimum
routing of the mm-wave signals, however, it results in a low
1 dB compression point as a result of cascading multiple
active circuits. Power combining trees with multi-step com-
bining suffers from higher insertion loss due to long
mm-wave lines but it offers higher linearity and lower
power dissipation. A passive device such as, Wilkinson
power combiner has the lowest power dissipation but con-
sumes a large silicon area. Active power combiners provide
intrinsic gain at the cost of the limited linearity and increased
power consumption of the receiver front-end. The presented
hybrid passive and active power combining network sche-
matic is depicted in Fig. 10. Passive Wilkinson combiners
were implemented as the first combining stage to combine
each two adjacent channels in order to achieve high isolation
between the adjacent elements. It is followed by 100 V differ-
ential microstrip lines. Those lines drive the four-to-one
active power combiner, which provides gain for combined
signals while maintaining isolation. Ideally, the stage with
better linearity should be the last stage, but the insertion
loss of the passive Wilkinson power combiner will enhance
the linearity of the later stage which is the active combiner.
In other words, the active combiner saturates faster if it was
inserted after the vector modulator. The input impedance of
the Wilkinson power combiner is constant with respect to
the input signal level, so the vector modulator is always
loaded with constant impedance; this is not the case if the
active combiner is following the vector-modulator. Finally
using active power combiner after the vector-modulator

leads to an increase in the number of active components,
and this leads to higher power consumption. For those three
reasons, the Wilkinson power combiner is decided to be the
second stage after the vector-modulator, while the active com-
biner is used to combine the output of the four Wilkinson
combiners.

Fig. 9. (a) Shows how VGAs capacitances changes with output vector location. (b) Shows the simulated variations in the vector-modulator’s output impedance. (c)
Polar plot of the S21 of the vector-modulator with L-C network. (d) Polar plot of S21 of the vector-modulator with R-C network.

Fig. 10. Block diagram of the hybrid passive-active power combining network.
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B) Circuit level design
Fully differential Wilkinson power combiners are employed to
combine the output of two front-ends. It was implemented in
the top most metal layer of our in-house IHP 0.25 mm
BiCMOS technology, while the lowest layer is assigned to
the ground layer. Differential microstrip transmission lines
were employed to construct the combiner as in [35]. EM
simulations show that Wilkinson power combiner exhibits
,0.7 dB insertion loss and more than 25 dB isolation. The
designed active power combiner combines the outputs of
the four Wilkinson power combiners. It is based on
current-summing cascode amplifiers. Inductive loads are uti-
lized to match the output impedance to 100 V differential
transmission lines. In total 110 pH inductors were used to
match the input impedance of the cascode amplifiers to the
output impedance of Wilkinson combiners as illustrated in
Fig. 11. The combiner draws 24 mA from 3.3 V supply, each
channel exhibits 7 dB of gain and an input 1 dB compression
point of 25 dBm. We designed an active power divider; it
consists of cascode amplifier and an mm-wave transformer
used as load. The secondary winding of the transformer is
divided into two sections; the induced current will be
divided evenly between the two sections of the secondary
windings but with 1808 degree phase shift. By inverting the
output terminals of one section, the divided signals will have
the exact amplitude and phase. The transformer was
implemented on metals 3 and 4, because they have 1 mm ver-
tical separation and this increases the coupling between sec-
ondary and primary windings. Figure 12(a) shows the
physical geometry of the transformer divider and Fig. 12(b)
illustrates the simulated performance of the divider. It
shows that the designed active divider exhibits ,1.5 dB inser-
tion loss with almost ideal amplitude and phase match. The
plotted S-parameters of the transformer are referenced to
the 23 dB of division loss, to illustrate the loss of the

transformer windings only. The schematic of the active
divider is plotted in Fig. 13. It consists of a cascode amplifier
loaded with the transformer divider. Small MIM capacitors
are used to tune the inductive load of the amplifier and to

Fig. 11. Schematic of the 4 to 1 active power combiner.

Fig. 12. 60 GHz transformer divided (a) physical construction of the
transformer (b) simulated performance of the transformer, divider insertion
loss, and insertion phase.
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match the output impedance to the 100 V differential trans-
mission lines. One branch is fed to on-wafer GSGSG probe
pads and the other is connected to the down-conversion
mixer through long 100 V differential transmission line.

V . M E A S U R M E N T S R E S U L T S

The phased-array receiver chip was fabricated in IHP’s
0.25 mm SiGe BiCMOS technology, which offers HBT with
fT/fmax ¼ 180/200 GHz and five metal layers. Figure 14

shows the receiver chip micrograph. The overall chip size is
2.9 × 4.2 mm2. The discrete active modulator and the active
power divider also were fabricated for test purposes. The fab-
ricated chips were characterized with different setups; a 4-port
vector network analyzer (VNA) system is used to measure the
S-parameters, whereas signal generators and spectrum analy-
zer are used to measure the 1 dB compression point.

A) Active power divider measurements
Figure 15 depicts the measured S-parameters of the active
power divider test structure. The power gains S21 and S31
are shown with 4 dB at 56 GHz and 3 dB at 66 GHz. The
measured gain of the divider is 1.5 dB lower than the simu-
lation results due to layout parasitic and device and process
variations. It is also possible that the EM simulation did not
predict the series resistance of the transformer windings,
which affect the quality factor and the insertion loss of the
transformer especially at the resonance frequency. And this
is translated into higher gain difference at the peak frequency
and lower error at frequencies away from the resonance. The
input and output return losses (S11 and S22) are less than
215 dB at 56–68 GHz. Both phase and amplitude of S21
and S31 are identical, which makes the designed power
divider ideal for phased array systems. The active divider
draws 5 mA from 3.3 V supply.

B) Single element measurements
The measurement was taken by connecting the first port to the
input of the LNA of one channel and the second port to the
output from the active power divider, which is the RF output
as marked in chip micrograph. The measured S-parameters
of four different channels all set to the same phase and ampli-
tude state are plotted in Fig. 16. The S21 is 18.5 dB at 57.5 GHz,
while a 2.5 GHz frequency shift of the centre frequency com-
pared with the simulated performance was observed. The
3 dB bandwidth is 5 GHz. The main reason of this frequency
shift is the limited accuracy of the active device models and

Fig. 13. Active power divider schematic.

Fig. 14. Phased-array chip micrograph.
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the layout parasitic in the active power combiner. In the final
design testing of the RF and IF performances will not be
needed, so the active power divided can be eliminated. This
will increase the bandwidth of the front-end to 8 GHz. Input
return loss S11 is less than 210-dB in the band 50–70 GHz
and the output return loss S22 is close to 210 dB.

For testing the vector-modulator of each channel, both
control voltages were swept and S-parameters were measured
for every state, the S21 of all states are plotted in Fig. 17. It is
clear that the vector modulator exhibits both amplitude and
phase control, and it also offers extremely low amplitude
and phase variations. This comes from the resistive loads in
the vector-modulator core, both 3 dB attenuation and 6 dB
attenuation circles are marked in the same figure. Sixteen

different states with phase step of 22.58 and constant ampli-
tude were also measured to compare the presented phase
shifter with previously published 4-bits phase shifters [22,
37]. Figure 18 illustrates the 16 states of relative phase shift
of one channel. Figure 19 shows RMS gain and phase
errors from the ideal states for the three amplitude states
maximum, 3 and 6 dB attenuations. The RMS gain error
and phase error for different amplitude states show that the
vector-modulator exhibits low phase and amplitude vari-
ations for different amplitude states. The measured RMS
phase error is ,58, while the RMS amplitude error is
,0.9 dB between 55 and 67 GHz. Figure 20 shows the
output power at IF and RF ports, as a function of RF input
power at 57.5 GHz. The measured input referred P1 dB of

Fig. 15. Active power divider simulated and measured performance, both amplitude and phase.

Fig. 16. Measured S-parameters of the four channels of the phased-array receiver chip.
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one receiver channel is 222 dBm at the highest gain state of
the vector-modulator.

C) Phased-array measurements
The gain and phase mismatches between array channels were
measured by comparing the reference state (maximum gain)
S-parameters of all the eight channels (S21, S31, S41, S51,
S61, S71, S81, and S91). The chip exhibits ,0.5 dB of RMS
gain mismatch and ,48 of RMS phase mismatch between
different channels as plotted in Fig. 21. The low gain and
phase mismatches between the different channels are attribu-
ted to two reasons: first, the near perfect symmetry of the
mm-wave power combining network. Second, the uniform
distribution of the supply lines for both the LNAs and the
vector-modulators. During the layout of the phased-array
chip, careful attention was given to the mm-wave combining
network layout. By using exactly the same differential trans-
mission lines between different front-ends and Wilkinson
combiners. The layout of the active power combiner is kept

Fig. 17. S21 Polar plot of one channel, showing both phase and amplitude
control in the vector modulator.

Fig. 18. Measured relative phase shift of one element for the 16 states.

Fig. 19. Measured RMS gain and phase error of the 16 states.

Fig. 20. Measured 1 dB compression point for both RF and IF outputs.

a 60 ghz eight-element phased-array receiver front-end in 0.25 mm sige bicmos technology 589

https://doi.org/10.1017/S1759078712000591 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078712000591


symmetric by minimizing transmission lines cross-over. DC
power distribution grid was utilized to supply different
blocks with supply voltages. Metal stacks of 25 mm width
and 5 mm thickness are used to distribute the current to mini-
mize the IR drop and ensure that all receiver elements get the
same supply voltage. The phased-array beam pattern was cal-
culated from the measured S-parameters sets of all eight chan-
nels as follows. In order to construct the model shown in
Fig. 22, the gains of the combining network under single-port
excitation and eight ports excitation scenarios are calculated
from the simulation. This will show the gain difference
between the two cases. This gain difference will be taken
into account in a power combiner model. The created
model is then simulated and compared with the full-chip tran-
sistor level simulation to ensure the models accuracy. Finally,
simulation of the created model is used to calculate the array
beam pattern by changing the angle of the reception and plot-
ting the output power under the following assumptions: the
each channel is connected to isotropic antenna and the

antenna spacing is l/2 at 60 GHz. To measure the power com-
bining of two different receiver channels, we established the
measurement setup as illustrated in Fig. 23. RF input signals
were divided and connected to two different inputs of the
receiver elements. The phase setting of one channel is held
constant, while the other ones is varied in 108 steps, the
measured IF power is plotted versus the phase shift angle of
the 2nd channel. It is shown in Fig. 24, the output power
reaches the maximum when the two signals are in phase
and it is attenuated be 30 dB as they become out of phase.

D) Interference mitigation demonstration
To conduct experimental verification for interference mitigation,
the chip must be integrated with the antennas. Currently, we are
working in the design of a module including the chip and eight
antennas and IF chip, both LTCC and multi-layer RF board
are considered for the manufacturing process. The module
design and the manufacturing process require long time, that is

Fig. 22. Measurments-based simulation model of the phased array chip.

Fig. 21. Measured amplitude and phase mismatch between the different channels.
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why we tried to build the simulation model based on the
measured data so it will be faster to verify the interference miti-
gation. To demonstrate interference mitigation capability of the
presented phased-array front-end, a simulation model based
on measured data has been built in ADS. It contains the
measured S-parameters file of the eight elements connected
together to form the phased-array receiver. The model also con-
tains two transmitters, one representing the desired signal and
the other representing the RF interferer transmitter. The angle
of the arrival of the RF interferer transmitter can be changed

within simulation as shown in Fig. 25. The eight phase shifters
are adjusted to receive the desired signal from 908 direction. By
sweeping the angle of the interferer and observing the output
signal. The simulation results are plotted in Fig. 25. By changing
the amplitude weighting vector from [1,1,1,1,1,1,0.5,1] to
[1,1,1,1,1,1,0.5,1.5] and keeping the phase shift constant, the pos-
ition of minimum interferer can be changed as shown from 74 to
1148. The interferers have around 25 dB of SINR. As demon-
strated that the position of minimum interferer can be changed
by changing the amplitude weights of the different channels
which provides more flexible interference suppression for the
60 GHz receiver. In the presented simulation model, the
maximum interference level is limited up to 225 dBm; this
will ensure that vector modulator nonlinearities will not generate
intermodulation products. At this power level, the LNA is in
linear region and it will not affect the phase of the signal hence
the LNA 1 dB compression point is 210 dBm. The vector-
modulator architecture itself has the advantage of almost con-
stant phase state with respect to the input power level as power
is less than the 1 dB compression point which is 27 dBm. By
taking those assumptions into consideration the antenna beam
pattern will not change with the interferer power level as long
as it is close to 225 dBm. Table 1 summaries the performance
of the recently published phased-array receivers.

V I . C O N C L U S I O N

In this work, a 60 GHz band eight-element phased-array
receiver with RF vector-modulator has been presented. It

Fig. 23. Measurements setup for two channel-combining characterization.

Fig. 24. Power-combining response with one element phase is swept while the
other is held constant.
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enables 3608 phase control range and more than 20 dB ampli-
tude control for each receiver channel. In addition, it exhibits
16 dB of gain at 60 GHz and 222 dBm input referred P1dB

compression point. The 3 dB bandwidth of the entire receiver
front-end is 5 GHz, and it can be further increased to 8 GHz if
the active power divider that was inserted for test purpose is
removed. The chip exhibits ,0.5 dB and ,48 amplitude
and phase mismatch between different channels.
Interference mitigation technique is also presented and veri-
fied by a simulation model based on measurements data. It
exhibits 25 dB of SINR. The measured performance of the
presented phased-array chip verifies its suitability for highly
integrated beam-shaping array with interference cancellation
capabilities. In future designs, the current LNA can be
replaced by low power LNA in [38] and this will reduce the
power dissipation to 36 mW.
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