3534

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 57, NO. 12, DECEMBER 2009

Single and Four-Element K a-Band Transmit/Receive
Phased-Array Silicon RFICs With 5-bit
Amplitude and Phase Control

Dong-Woo Kang, Associate Member, IEEE, Jeong-Geun Kim, Member, IEEE, Byung-Wook Min, Member, IEEE,
and Gabriel M. Rebeiz, Fellow, IEEE

Abstract— K a-band SiGe BiCMOS single- and four-element
phased arrays capable of both transmit and receive operation
with 5-bit phase and amplitude control are presented. The design
is based on the All-RF architecture with RF phase shifters and
attenuators, and a 4:1 passive power combining/dividing network.
The four-element array results in an average gain of ~0 dB per
channel and a noise figure of 9.0 dB, and is designed to be placed
behind ITI-V T/R modules. The rms phase error is < 5.6° (5-bit
operation) and < 12.5° (4-bit operation) over a 2 or 5 GHz in-
stantaneous bandwidth, respectively, centered at around 36.5 GHz.
In the receive mode, the input P1dB is —16 dBm per channel
(ITP3 of —5.9 dBm), and in the transmit mode, the output P1dB
is +4-5 dBm, all at 35-36 GHz. The measured isolation between
the channels is better than 30 dB. The array maintained excellent
phase characteristics up to 100 °C with no change in the rms phase
error. Also, ten different four-element phased arrays were tested
(40 channels) and result in an rms gain variation of <0.5 dB at
34-39 GHz. The four-element array consumes 171 and 142 mW
in the Tx and Rx modes from 1.8 V, and occupies an area of 2.0
X 2.02 mm?. To our knowledge, this is the smallest and lowest
power consumption on-chip K a-band phased-array to-date.

Index Terms—Phase shifter, phased array, SiGe BiCMOS, T/R
module, variable gain amplifier.

1. INTRODUCTION

HASED arrays allow the electronic scanning of the an-
P tenna beam and have been in extensive use since the 1970s
for defense applications such as radars and communication sys-
tems [1]-[3]. However, phased arrays are only used in defense
systems due to their high implementation cost which is partly
due to the discrete implementation of the III-V transmit/re-
ceive chips together with silicon-based chips used for address
decoders, power management, and digital control [4].
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Recently, silicon RFICs have been emerged as a practical
solution for phased array back-ends due to their high integration
density, yield, and functionality on a single chip. An optimal
phased array for high performance applications will therefore
use III-V components for low-noise amplification and RF
power generation together with silicon RFICs for the back-end
functions (phase and gain control, power combining, digital
control and processing, etc.). Also, with silicon RFICs, one can
integrate multiple elements (8—16) on a single silicon chip with
excellent uniformity. This not only reduces the number of chips
to be assembled in the phased array but also greatly simplifies
the control routing in large arrays.

Silicon-based phased-arrays have been recently demon-
strated at 6 to 77 GHz using a variety of architectures: All-RF
phase shifting [5]-[12], IF-path [13], or LO-path [14]-[17],
phase shifting, and digital beam-forming techniques [18]-[20].
The transmit/receive implementation in [14] employs separate
phase shifters for the transmit and receive paths and results in
potential phase errors between the transmit and receive paths
across temperature and process variations. The classical design
presented in [4], [5], [11], and in this work uses a single passive
(bidirectional) RF phase shifter and results in excellent tracking
between the transmit and receive beams, reduced chip area and
power consumption (see Fig. 1).

In addition to the results presented in [5], this paper discusses
the T/R module system level design, presents single element re-
sults and their comparison with simulations, presents new re-
sults on the VGA control, P1dB, IP3, and NF, characterizes the
channel to channel coupling both at the S-parameter level and
in the rms gain and phase error introduced from one channel to
the other, shows chip-to-chip variations over 10 chips and 40
channels, and analyzes and shows the T/R module performance
versus temperature.

II. SYSTEM LEVEL AND CIRCUIT DESIGN

Fig. 1 presents the system-level diagram of the four-element
transmit/receive K a-band phased array built using the IBM 8HP
process. The silicon chip is designed to be “transparent”, that is,
with a gain of ~ 0 dB per channel, relatively high linearity, and a
noise figure of ~ 9 dB at 35 GHz. The additional increase in the
system-level noise figure due to this chip is only 0.3 dB when
coupled to a GaAs LNA with a gain of 16 dB. The chip is built in
50 2 blocks for ease of design and analysis. The transmit and re-
ceive gain stages are designed with 21-22 dB gain so as to offset

0018-9480/$26.00 © 2009 IEEE
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Fig. 1. Block diagram of the four-element K a-band phased array silicon chip.
The 50 €2 blocks are shown in dashed lines. (After [5].)

the loss of the two SPDT switches, the passive 5-bit phase shifter
and the 4:1 Wilkinson power combiner. Gain control is imple-
mented using variable-gain amplifiers (VGASs) in the transmit
and receive paths. The chip contains all the necessary digital
circuits for phased array control (address decoders, phase shift
buffers, T/R select, etc.) which are implemented using 0.13-pm
CMOS transistors.

The phased array chip has four antenna ports and one
common RF port, and is built using a single-ended implementa-
tion throughout the entire chip for reduced power consumption
and chip area. It is well known that a differential implemen-
tation results in a lower channel-to-channel coupling [7], [8],
but the single-ended design, when well designed, still results in
excellent performance (see Section III).

Figs. 2 and 3 present circuit-level implementations of a
single channel. Starting from the antenna port, the series-shunt
single-pole double-throw (SPDT) switch is based on triple-well
0.13-pm CMOS transistors with a loss of ~2.5 dB, an isolation
of > 27 dB [21], an input P1dB of ~ 13 dB, and an IIP3>
24 dBm at 35 GHz. The switch is matched to 50 € at its input
and output ports. The SiGe receive LNA 1is a cascode design
with an inductive load and de-Q resistors for wideband opera-
tion (Vaq = 1.8 V, T = 4 mA) and a simulated gain of 14.3 dB
at 35 GHz. This is followed by a current-steering SiGe VGA
with +7.7 to —2.3 dB gain control using 5-bit current steering
(14 mA) [22], and by another SPDT CMOS switch. The VGA
role is to equalize the amplitude variation in the phase shifter
and to set a specific taper on the phased array aperture for
reduced sidelobes. The simulated gain, NF, input P1dB, and
IIP3 of the LNA/VGA is 22 dB, 5.2 dB, —22.5 dBm, and —12
dBm at 35 GHz, respectively, and for maximum VGA gain
setting. The linearity is limited by the LNA stage and not by
the VGA or SPDT switches.
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Fig. 2. Circuit diagrams of (a) series-shunt SPDT, (b) LNA/VGA, and (c)
medium power amplifier/VGA. (After [5].)

In the transmit path, the SPDT switch feeds a similar VGA
circuit with a gain control of 416 to 6 dB, which is then followed
by a SiGe medium-power amplifier (MPA) with a gain of 6 dB
at 35 GHz. The output stage consumes 15 mA (PAE = 17.7%).
The simulated gain and output P1dB of the VGA/MPA is 22 dB
and +6.8 dBm, respectively, at 35 GHz.

The transmit-receive cell composed of the SPDT/LNA/VGA/
SPDT/VGA/MPA is stable at all frequencies. This is due to
the high isolation of the SPDT switches (> 25 dB) and the
low electromagnetic coupling between the transmit and receive
amplifiers.

The 5-bit phase shifter is a switched LC network design for
the 4-bit stages (22°, 45°, 90°, 180°) and an LC-m network
for the 11° state using hyperabrupt varactor (HAVAR) diodes
used in a digital mode (see Fig. 3) [23]. The fifth-bit can also
be used in the analog mode for continuous phase coverage. The



3536

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 57, NO. 12, DECEMBER 2009

Ls1 Ls2 Lss Ls Lsi| 240 pH
MmN — N L.

220 pH
"°"’° ‘%sﬂ "gs "iw V%w Verr Lo 160 gH
- ™ L Les Lss| 128 pH
T re T "TT "ITT Lus| 350 pH
J_ ¢ L. c Lm Lwm ~Cr2 Cr=x J_C c _L J- II'-RZ 42(0) P:

P1 T™OP P1AT~ == C C L P1 P1 M P!
T e N T 2« 3 & |o| mor
— = - Cer2 65 fF
—M—| —\W—| — W Les T1| 23um
Veiso Ley Vo0 o Lr1 Vc.s Voo 12 T2| 23pm
= = = = Je| 27pm

180° Bit (Two 90° Bits) 22.5° Bit 45° Bit 90° Bit 11° Bit

Fig. 3. CMOS phase shifter with 4-bit digital tuning and analog/digital for the fifth bit.
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Fig. 4. K a-band Wilkinson dividers/combiners using folded CPW transmis-
sion-lines. (From [5].)

phase shifter switches between a bypass state (T1 on, T2 off,
~ 0°) and various CLC low-pass networks (T1 off, T2 on, 22.5°,
45°,90°, 180°) using 0.13-um CMOS transistors. The design
is based on true-time delay networks with a linear phase versus
frequency. The simulated loss of the passive phase shifter is of
13.6 £ 1.9 dB at 35 GHz depending on the phase shift, and
is matched to 50 © at both ports (S11, S22 < —13dB). A
VGA is therefore imperative to result in low rms gain error.
The simulated input P1dB depends on the phase state and is
8.7-11.2 dBm and 9.5-11.7 dBm, from Port 1 (180° bit) and
Port 2 (11° bit), respectively. The phase shifter can therefore
be used behind the high-gain receiver or in a medium-power
transmit path without any system-level degradation.

A two-stage 50 2 Wilkinson network is used at the common
port of the phased array chip and is based on meandered 70-2
quarter-wave transmission lines (see Fig. 4) [24]. This bidirec-
tional network provides high isolation between the channels,
and acts as a power divider or a power combiner in the transmit
and receive modes, respectively. It also has high power han-
dling capability with zero current consumption. This is impor-
tant since the input power must be ~ 49 dBm for a channel
gain of ~ 2 dB and an output power of ~ + 4 dBm per channel,
and an active combiner network, other than being unidirectional,
will require a high bias current. The Wilkinson networks were

tested at 34—-39 GHz and show an insertion loss of 0.6-0.7 dB,
an isolation of >23 dB, a return loss < —20dB and < —15 dB
at the input and common ports, respectively [5].

The system-level simulations done on the four-channel
transmit/receive chip show a receive channel gain and NF of
1.9 and 8.0 dB, respectively, at 35 GHz, with an input P1dB of
—21 dBm. On the transmit side, the channel gain is also 1.9 dB
with an output P1dB of +4.3 dBm at 35 GHz. The inherent
6 dB power divider loss (or combiner gain) is not taken into
the gain values. Note that the input power must be quite high
(> 410 dBm) in order to drive all channels to their output
P1dB or Psat levels and thus the use of a Wilkinson power
divider/combiner. All simulations are done at maximum gain
settings.

The phased array chips are implemented in the IBM 8HP
process with 8 metal layers. This process has 0.13 pym SiGe
transistors (fr of 180-200 GHz) and 0.13 pym CMOS transis-
tors ( f7 of 90-100 GHz). Grounded CPW transmission lines are
used with dimensions of 11/12/11 ym and 11/6/11 pm for 50
and 70 €2, respectively, and with a measured loss of 0.4 dB/mm
for the 50 €2 line at 35 GHz. Standard IBM transistor cells and
models are used, and deep trench isolation is employed to re-
duce substrate coupling between the channels. Full electromag-
netic modeling is done on all passives (especially inductors)
using Sonnet,! and to estimate the channel-to-channel coupling
(< —40 dB at 3040 GHz).

Two phased array chips were produced: a single channel
chip and a four-element chip using identical circuits except for
the Wilkinson couplers. The single channel chip is a low risk
approach and results in shorter transmission lines between a
single III-V module and the silicon chip, but requires off-chip
power combiners and control lines to every antenna element.
The four-channel design requires longer transmission lines be-
tween the III-V modules (placed at the antennas) and the silicon
chip, but results in easier phased array control (one control line
for every four antenna elements). The chip dimensions are 1.7
x 0.75 mm? (single channel) and 2.00 x2.02 mm? (four-chan-
nels). The power consumption is 43/35.5 and 172/142 mW
in the transmit and receive modes, for the single channel and
four-channel phased-array chips, respectively, from a 1.8 V RF
supply. The digital supply is 1.5 V with nearly zero current
consumption.

ISonnet, ver. 11.52, Sonnet Software Inc., Syracuse, NY, 19862007
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Fig. 5. System level simulations in the transmit and receive modes using the
simulated S-parameters of the 50 €2 blocks.
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III. MEASUREMENTS

The single-element and four-element phased array chips were
measured on-chip after a standard probe-tip TRL calibration.
The CPW input and output pad loss is included in the mea-
surements and is < 0.2 dB per pad at 35 GHz [23]. The only
control inputs applied to the chips are supply voltages (analog
and digital), address bits (2 bits for the four-element array), data
bits (5 bit) and enabling clock signals to load the phase shifter
data into the registers (four-element chip). The single element
and four-element chips consumed a total current of 24/19.5 and
95/78 mA for the transmit and receive modes, respectively, from
a 1.8 V supply, and agree quite well with simulations.
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A. Single-Element Phased Array

Fig. 8 presents the measured S-parameters in the transmit
and receive modes over the 32 different phase states. At the an-
tenna port, the measured Sy; is > 8 dB (transmit) and > 16 dB
(receive) at 34-39 GHz. The measured receive gain is ~ 4 dB
lower than the simulated value, and the measured transmit gain
agrees decently well with simulations. The difference is due to
an additional 1.2 dB loss in the measured 5-bit phase shifter (see
below) and to a ~ 3.5 dB reduction in gain in the LNA, obtained
from standalone test cells. The measured transmit gain is ~ 2 dB
lower than the simulated value at 35 GHz and is mostly due to
the phase shifter. The measured reverse isolation (not shown) is
> 50 dB at 30—40 GHz in both the transmit and receive modes.

The measured VGA shows 7.5 dB of gain control over the
5-bit control states at 35 GHz (simulations show 10 dB of gain
control) (see Fig. 9). The VGA insertion phase changes by
15°-20° with gain control, but this can be taken into account
when controlling the phased array. The phase change within
1-2 dB of gain control is < 5° and the VGA can be used to
adjust the rms gain error in the phase shifter without changing
the rms phase error.

The measured phase for the transmit and receive modes are
nearly identical, as expected from the design (see Fig. 10). The
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Fig. 8. Measured S-parameters of the single-element phased array over 32
phase states: (a) transmit and (b) receive mode.

phase shifter gain, measured on a standalone unit with 50 2
ports, is 14.8 + 1.7 dB at 35 GHz and is about 1.2 dB higher
than simulations. The measured rms phase error is < 12° and
< 5.6° showing 4- and 5-bit performance over an instanta-
neous bandwidth of 5 GHz (34-39 GHz) and 2 GHz (36-38
GHz), respectively (see Fig. 10). The best performance shifted
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Fig. 10. (a) Measured 5-bit phase shifter using the fifth bit in an 11° digital
mode and (b) associated rms gain and phase error with and without VGA con-
trol. (After [5].)

slightly from the design frequency of 35 to 36-37 GHz and
is most probably due to passive element modeling. The corre-
sponding rms gain variation for the transmit and receive modes
is 0.7-0.9 dB with no VGA control and < 0.50 dB with VGA
control at 34-39 GHz. Note that when the VGA is used to im-
prove the rms gain error, it naturally introduces a small phase
error when toggling between different gain states, and therefore
slightly degrades the rms phase error. Still, the rms phase error
remains < 6° with VGA control over a 2 GHz bandwidth (see
Fig. 10). Finally, the phase shifter can also operate in the analog
mode for the lowest bit, and a 0—1.5 V control results in a 0°-22°
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Fig. 11. Measured single element: (a) noise figure; (b) IIP3 at 36 GHz; (c) P1dB
at 36 GHz. Measurements done at the 00000 phase state.

phase change. This is recommended if a > 5-bit phase resolu-
tion is required but with a narrower bandwidth.

In the receive mode, the measured noise figure is 9 + 0.2 dB
at 34-37 GHz and is 1 dB higher than simulations (see Fig. 11).
The measured input P1dB is —16 dBm at 35 and at 36 GHz, and
is 5 dB better than simulations. Both results are expected due to
the decrease in the measured versus simulated LNA gain. The
IIP3 is —5.9 dBm which is acceptable for satellite communica-
tion systems. In the transmit mode, the measured output P1dB
is 4+3.9-5.0 dBm at 35 and 36 GHz, and agrees well with sim-
ulations. The simulated output IP3 is 14.8 dBm at 36 GHz.

B. Four-Element Phased Array

The measured gain in the transmit and receive mode is
very similar to single channel chip except for an additional
1.2-1.4 dB loss due to the two-stage Wilkinson coupler. Fig. 12
presents the measured average gains in the transmit and receive
modes, together with the antenna port and common reflection
coefficients. The measured gain for all 32 states (not shown) is
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TABLE I
PERFORMANCE SUMMARY AT 34-39 GHz

RX X
Gain @36 GHz (single) -1dB 20dB
Gain* @36 GHz (array) -2.5dB 0dB
Phase Error (RMS)[| < 5.6° @ 36-38 GHz <49 @ 36-38GHz
<12° @ 34-39 GHz <12° @ 34-39 GHz
Gain Error (RMS)|| <0.9dB (w/o VGA) <0.7dB (w/o VGA)
<0.5dB (wVGA) <0.5dB (wVGA)
Common Port Return Loss > 16 dB > 16 dB
> 14 dB (single) > 14 dB (single)
Antenna Port Return Loss >20dB >8dB

>20dB (single) > 8.6 dB (single)

Power Consumption

142 mW /35.5 mW (single) 171 mW /43 mW (single)

OP1dB @ 36 GHz| -18 dBm (single) 4.7 dBm (single)
IP1dB @ 36 GHz | -16 dBm (single) 3.7 dBm (single)
1IP3 @ 36 GHz || -5.9 dBm (single) 13 dBm (single)

Common port P1dB -13.5 dBm (array) 11.3 dBm (array)
Gain Control 7 dB (5-bit)
Phase Control 5-bit
Noise Figure 9dB (single)
Supply Voltage 1.8 V (analog), 1.5 V (digital)
Area 2.00 x 2.02 mm?/ 1.7 x 0.75 mm?(single)
Technology 0.13-pm SiGe BiCMOS

the same as the single element. The measured common-port re-
flection coefficient is > 17 dB at 30—40 GHz in the transmit and
receive modes since it is connected to the Wilkinson network.
The measured phase response and corresponding rms phase
and gain errors are identical to Fig. 10. The reverse isolation is
> 50 dB at 30-40 GHz. Other values are listed in Table I.
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Fig. 13 presents the measured four channels phase and am-
plitude response with virtually identical response between all
channels over all phase states. In these measurements, the other
channels were left open-circuited which presents a worst-case
condition in terms of coupling [6], [7]. No calibration was done
on the array, and the measurements include probe placement er-
rors, cable movement effects, etc.

The measured isolation S,,,,, between the channels is > 36 dB
in the receive mode and > 28 dB in the transmit mode. Again,
all other channels not connected to ports (n,m) are left open-
circuited. Also, in this measurement, two independent ground-
signal ground (GSG) CPW probes are used and are placed very
close to each other. The channel-to-channel isolation is also
measured by setting Channel 1 to 0°, changing the phase in
Channel 2 from 0° to 360°, and seeing its effect at the common
port (in the receive mode) or at the antenna port (in the transmit
mode). As discussed in [6] and [7], this represents a stringent
coupling test since any leakage from Channels 1 to 2 will un-
dergo a different phase delay and add to Channel 1. The leakage
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ments; (b) simplified coupling mechanism between adjacent two channels; and
(c) rms error in Channel 1 due to the phase change in Channel 2 in the transmit
and receive modes.

signal therefore causes amplitude and phase errors in the true
signal from Channel 1. During this measurement, the antenna
port of Channel 2 is left open-circuited which results in the worst
coupling case. Fig. 14 proves that the array has minimal cou-
pling between the elements and that a phase change in Channel
2 does not affect the operation of Channel 1. A similar exper-
iment was done between Channels 1 and 3 and resulted in in-
significant coupling.

C. Performance Versus Temperature

Fig. 15 presents the measured rms phase and gain error versus
temperature of Channel 1 in the transmit mode for the four-
element phased array chip. The phase shifter results in excellent
rms phase error performance versus temperature since it is based
on switched LC circuits. The only penalty is a slight increase
in the rms gain error due to the additional loss of the CMOS
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Fig. 15. (a) Measured average channel gain, (b) measured phase shift at 36 GHz
versus temperature, and (c) rms phase error and gain error versus temperature.
The chip does not contain a PTAT current source and draws the same current
per channel (27 mAx4) from 20 °C to 110 °C. The simulated phase and phase
error at 0 °C is the same as 20 °C and is not shown.

switches in the phase shifter. This can be explained by looking
at the CMOS in the triode mode with [25]

117% -1
Ron = [Nncoxf(VGS - VTH):| . (l)

The reduction mobility with increasing temperature is modeled
using

() = w(T,) (5)1'5 @
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and the threshold voltage decreases with temperature as
av:ch mV
~2 0.6 ——. 3
oT Co )
Using (1) to (3), the R,y change with temperature is
R0n<1100C) o /Ln(2OOC) VGS — VTH(ZUOC) (4)
Ron(20°C)  p1,(110°C) Vgs — Vru(110°C)”
For VGS =15 V, VTH (200C) =04 V, we find
R,,(110°C)
—— = =141 5
R, (20°C) )

and R, increases from 20 €2 (20 °C) to 28 €2 (110 °C). This re-
sults in an increase in the loss of the 90° phase shifter cell by 0.1
dB from 20 °C to 110 °C. The simulated average phase shifter
gain therefore decreases from —13.6 dB at 20 °C to —15.1 dB
at 110 °C due to the increase in the CMOS switch loss. The cor-
responding rms gain error increases from 0.7 dB to 1.1 dB at
36 GHz. The simulated values at 35-36 GHz agree well with
measurements. The rms phase error shift from —55°C to 20 °C
is verified by simulations only due to the absence of a low-tem-
perature measurement setup, and shifts 2.5°.

Fig. 15 shows that the measured channel gain drops by
4.0-6.5 dB at 80—110 °C, but it should be noted that the de-
sign does not use a PTAT bias circuit and therefore, the chip
is operating at the same current up to 110 °C. Simulations
indicate that at 110 °C, the MPA and VGA result in 2.5 and
1.5 dB gain reduction, respectively, the SPDT switch in 0.2 dB
additional loss, the phase shifter in 1.5 dB additional loss (as
shown above), and yields a total simulated additional loss of
6.0 dB. This agrees well with measurements. In the future, a
PTAT biasing should be used to reduce the gain variation versus
temperature. Similar results were obtained in the receive mode
versus temperature and are not shown.

D. Chip-to-Chip Measurements

In order to characterize the IBM 8HP silicon process, ten
random single element and ten four-element phased-array chips
were measured at room temperature. The chips are selected from
the same fabrication lot (December 2007 IBM 8HP), and all mea-
surements were done on-wafer with a probe tip calibration. Every
channel was measured in the four-element phased array resulting
in 40 different S-parameter measurements (see Fig. 16). All ten
chips consumed the same current in the transmit and receive
modes (to within £ 3 mA) from a 1.8 V supply. The measured
gains, all taken at the 0000 phase shift state, show a peak-to-peak
variation of ~ 2 dB and an rms gain variation of < 0.5 dB at
34-39 GHz, and demonstrate the yield and repeatability of the
silicon chips. The measurements were done manually and include
probe placement errors and drift in calibration over the six-hour
measurement period. The single-element measurements are even
better (10 channels instead of 40 channels) and are not shown.

IV. DISCUSSION

The individual circuit blocks in millimeter-wave circuit de-
sign are generally quite straightforward in phased-array designs
(LNA, VGA, SPDT switch, phase shifter) or even in transceivers
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Fig. 16. Measured channel gain of ten four-element phased array chips (40
channel measurements shown). Measurements done at the 00000 state.

(LNA, mixer, SPDT switch, IF amplifier, etc.) [26], [27]. The
key design points are the layout techniques for low parasitic ca-
pacitance and inductance, passive component modeling using
full-wave electromagnetic techniques, and on-chip coupling re-
duction and simulation.

In this work, a large set of decoupling capacitors (> 20 pF
in total) were used all over the chip between the V44 layer and
ground in order to reduce the power-supply coupling between
the different channels. Also, via-hole “walls” were used around
every channel to tie the top-metal ground to the deep trench isola-
tion layer in the silicon substrate, again to reduce the channel-to-
channel coupling. Furthermore, the receive and transmit circuits
for each channel are placed > 400 pm from each other, and
this greatly reduces the on-wafer coupling. Finally, separate bias
lines and planes were used for the digital control so as to further
reduce the coupling between the power supplies.

The measurements shown in this paper are all done on-chip,
and careful design is needed in the future to package such a com-
plex chip and maintain the high isolation between the channels.
This can be done using flip-chip techniques with low ground-in-
ductance connections [28].

V. CONCLUSION

This paper shows that complex silicon RFICs can be used
as the back-end chips for high performance K a-band phased
arrays. The All-RF architecture results in a small-chip area
and low power consumption while still maintaining excellent
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phase and amplitude control over an instantaneous bandwidth
of 2-5 GHz. The design can be extended to 8-16 element
arrays using an identical design and with the addition of one
or two Wilkinson combining stages. This shows an important
aspect of the All-RF architecture: its ease of scalability even at
millimeter-wave frequencies.
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