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Abstract—This paper demonstrates a 16-element phased-array
transmitter in a standard 0.18-um SiGe BiCMOS technology
for Q-band satellite applications. The transmitter array is based
on the All-RF architecture with 4-bit RF phase shifters and a
corporate-feed network. A 1:2 active divider and two 1:8 passive
tee-junction dividers constitute the corporate-feed network,
and three-dimensional shielded transmission-lines are used for
the passive divider to minimize area. All signals are processed
differentially inside the chip except for the input and output
interfaces. The phased-array transmitter results in a 12.5 dB of
average power gain per channel at 42.5 GHz with a 3-dB gain
bandwidth of 39.9-45.6 GHz. The RMS gain variation is < 1.3 dB
and the RMS phase variation is < 8.8° for all 4-bit phase states
at 35-50 GHz. The measured input and output return losses
are <—10 dB at 36.6-50 GHz, and <—10 dB at 37.6-50 GHz,
respectively. The measured peak-to-peak group delay variation
is £20 ps at 40-45 GHz. The output _ is =5 &+ 1.5 dBm
and the maximum saturated output power is —2.5 4 1.5 dBm per
channel at 42.5 GHz. The transmitter shows < 1.8 dB of RMS
gain mismatch and < 7° of RMS phase mismatch between the
16 different channels over all phase states. A —30 dB worst-case
port-to-port coupling is measured between adjacent channels at
30-50 GHz, and the measured RMS gain and phase disturbances
due to the inter-channel coupling are < 0.15 dB and < 1°, respec-
tively, at 35-50 GHz. All measurements are obtained without any
on-chip calibration. The chip consumes 720 mA from a5 V supply
voltage and the chip size is 2.6 x 3.2 mm .

Index Terms—BiCMOS analog integrated circuit, mil-
limeter-wave, MIMO, phase shifter, phased-array, quadrature
networks, radar, SiGe BIiCMOS, smart antenna, wireless commu-
nication.

. INTRODUCTION

ILLIMETER-WAVE wireless communications have

recently been gaining a lot of interest for high data-rate
communication links [1], [2]. However, the indoor wire-
less propagation channel is challenging at high frequencies,
f > 30GHz, and for outdoor applications the atmospheric
attenuation and rain absorption can be severe. These effects
increase the channel noise temperature and limit the channel
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capacity [3], [4]. The phased-array technique is an attractive so-
lution to compensate for these propagation impairments, since
a highly directive antenna array improves the signal-to-noise
ratio, hence channel capacity, signi cantly. The high antenna
gain also enhances the spatial diversity since the phased-array

Iters the signal in the space-time domain and rejects an inter-
ferer from a different direction substantially [5].

In terms of scalability, phased-arrays based on the All-RF ar-
chitecture and using RF phase shifters [6] [8] have a simple
system architecture and result in a relatively straightforward ex-
tension to large array implementations (32 10,000 elements).
On the other hand, the mixer-based approach in [9] and [10], and
the IF phase shifting scheme in [11] requires the same number of
frequency conversion units as the number of array elements, re-
quiring a complicated LO distribution network for large arrays.

This work demonstrates a Q-band (40 45 GHz) 16-ele-
ment phased-array transmitter for satellite communications.
The design is based on 4-bit RF active phase shifters and
the chip is realized in 0.18-um SiGe BiCMOS technology
(ft = 150 GHz). The signal frequency band is 43 45 GHz
(bandwidth: 2 GHz, 4.5%), and is centered at the satellite com-
munication frequency of 44 GHz. Fig. 1 illustrates the tile-based
array construction, where the 16-element sub-array (called a

tile ) is assembled into the array (called a super-tile ) in a
layered con guration and thus making a 20 x 20 element array
[12] [14]. Each tile utilizes batch-fabricated three-dimensional
silicon micromachining technology [15] to integrate 16 patch
antennas, 16 InP power ampli ers and SiGe BiCMOS beam-
forming transmitter in a multi-layered single package. The
layer-level integration allows for choosing optimum process
technologies for each functional layer, resulting in a high perfor-
mance system in terms of yield and cost. InP power ampli ers
are required due to the high transmit power requirements per
element (>30 dBm) [16]. To minimize transmission-line loss,
low dielectric-constant BCB layers (e, = 2.7, tané = 0.002)
are chosen for interconnects and result in ~ 0.4 dB/\ of
attenuation at 44 GHz [17]. The maximum saturated output
power required per element from the silicon beamformer is
—3~ 0 dBm which is enough to drive the InP PA module.

There is a tradeoff between the scan range and bandwidth in
large phased-arrays, which is detailed in Section II. The speci ¢
function blocks of the 16-element array transmitter are provided
in Section 1ll. Section 1V addresses the design details of the
transmitter, and nally the experimental results are presented
in Section V.
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Fig. 1. A tile-based array architecture. One super-tile is composed of 5
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5 tiles (sub-arrays) and each tile contains 16 elements (4  4). Multi-layer integration

allows the optimization of each layer in terms of thermal, mechanical and electrical performances.

Il. BANDWIDTH LIMITATIONS IN LARGE ON-CHIP
PHASED-ARRAYS (REVISITED)

Consider the 16-element phased-array shown in Fig. 2, with
an inter-element spacing of d = 0.5 A, at the center frequency
(fo): Ao (= ¢/ fo,c = lightspeed) is the signal wavelength,
and 6, is the beam steering angle. The input signal V;, given in
(1), has a nite frequency allocation of f, &= Af (bandwidth,
fBw = 2 Af), and the phase delay A¢,, per element is given

in (2):
Vi =Asin2x(f, + Af)t = Asin2rf, (1 + Aff) t (1)
Ap, =n2rf, (1 + ?f> AT = nkdsind, <1 + ?{f> 2

wheren = 0,1,2,..., N — 1 (N = 16, total number of array
elements), k = 27 /X,, and AT = dsinf,/c is the time-delay
difference between two adjacent elements. The phase distribu-
tion (A¢o, Adr,...,A¢pn_1) must be linear over the entire
array both in frequency and in space domain to ensure perfect
true-time-delay (TTD) operation of the phased-array. This guar-
antees that the output signals from all the array elements are in
phase (or congruent in time) in the 6,, direction [18] [20]. How-
ever, due to on-chip area limitation, the phase shift is not only
constant versus frequency but also covers only 0 360° [7], [8].
The phase shifting value per element is therefore chosen at f,
and is given in (3). This results in a phase quantization error,
Aerror,» Which is expressed as (4), at f, = A f across the array.

A¢or = |nkdsinb, — modulus(27)|. (3)

Agzserror,n = |A¢n - A@bo,n|

A

= |nkdsinf, ff — modulus(27)|.  (4)
The A¢error,n Causes a beam pointing error versus frequency,
Berror IN Fig. 2, where the beam points in slightly different di-
rections at different frequencies (see [20] for more details). Ref-
erences [12] and [21] suggest that the 6...or Should be less than
half of the 3-dB beamwidth, and this results in the maximum
allowable bandwidth for a given array size as expressed in (5)
where Nd is the total length (L) of the array:

[Bw Ao

< 0.886—2—.
£, = Ndsin 0,

®)

It is seen that if the array does not scan (p = 0°), then an in-
nite bandwidth can be tolerated. However, for a phased-array
with a length L and 6, scan angle, the 3-dB bandwidth is pro-
portional to 1/(L sin ,,) for constant 0 360° phase shifters.
Fig. 3 presents the array factor for a uniformly-fed linear
16-element array scanned to 6, = 45° (A¢,,, = nrsinf, ~
n x 127.3°) and a fractional bandwidth (fsw/ f,) of 2.5%, 5%,
10%, and 20% [18]. The beams are squinted especially at the
upper and lower bandwidth frequencies (fuin and fuax) due
to the non-optimal phase delays: for example, for a 10% frac-
tional bandwidth system, the main beam from the 16-element
array is diverted by 6...or ~ £3° from 45° at the band edges,
and results in 1.13 dB of pattern loss at the 45° scan angle for
Sfmin @Nd fiax. The fw is proportional to 1/N, and an 8- or
4-element array can tolerate 2 or 4 times larger bandwidth than
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Fig. 2. 16-element phased-array with a combination of phase shifters at the element level and true time delay (TTD) units at the sub-array level for wideband

operation
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Fig. 3. Array factors for a 16-element linear phased-array for different fractional bandwidths scan angle 45

a 16-element array. Therefore, one can conclude from Fig. 3 that
on-chip phased-arrays with 0 360° phase shifters can drive 4 x
4 or even 8 x 8 elements with virtually no penalty for a system
with up to 10% bandwidth.

Asa nalnote, TTD units are imperative at the sub-array level
to cover more than 10% bandwidth for 8 x 8 arrays (Fig. 2).
In this case, the TTD units must result in a phase difference of
8 x A¢ (center-to-center at the 8-element level, A¢ = phase dif-
ference between adjacent elements). These TTD units are based
on switched transmission lines in low dielectric constant sub-
strates and are quite large due to the large required phase shift
[22]. However, only one of them is needed for every 8 x 8 ele-
ments [19].

1. 16-ELEMENT PHASED-ARRAY TRANSMITTER
ARCHITECTURE

Fig. 4 presents the functional blocks of the 16-element
phased-array transmitter based on the corporate-feed approach
with active RF phase shifters. The RF input signal is trans-
formed into a balanced signal using an active balun, and the
input and output of the balun ampli er are matchedto 50  with

inductive transmission line stubs [23]. The 1:16 signal divider
constitutes the core part of the corporate-feed network, and is
realized using a combination of active (1:2) and passive (1:8)
designs for a compromise between loss, linearity and power
consumption. To minimize area, the 1:8 passive dividers are
realized with shielded differential transmission lines (similar
to a coaxial line con guration) which are detailed in the next
section.

After the dividers, each array element is composed of a loss-
compensation ampli er (LCA), a 4-bit phase shifter and a 50-
driver. The LCA compensates for the 9 dB of power division
loss from the 1:8 passive divider and drives an 1/Q network in-
side the phase shifter. The active phase shifter is based on a
phase interpolation technique where differential 1/Q signals are
added with appropriate weights to generate necessary phase, and
a DAC controls the amplitude weights for 4-bit phase quantiza-
tion [7]. The phase shifters are controlled independently using
4-bit digital data input from an array decoder. The array decoder
is composed of a 4-to-16 address decoder and 4-bit register cells
(x16) are used to access each array element [8]. Finally, a 50-
driver converts the differential signal into a single-ended one
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