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Abstract—This paper considers hybrid array architectures
with partially-connected analog networks for multi-beam satel-
lites. It is shown that some subarray architectures, such as linear
subarrays, can perform as well as fully digital implementation
under certain circumstances. Not all subarray architectures,
square subarrays for instance, exhibit such property. This
observation highlights the importance of subarray architecture.

I. INTRODUCTION

Facilitated by the recent technological advances, low earth
orbit (LEO) satellite networks are now seen as a promising
complement to the terrestrial counterparts. From the wide
coverage it provides [1], it has a myriad of attractive use
cases such as connectivity to rural areas, ships, aircrafts, and
Internet-of-things.

Large communication range results in high signal atten-
uation, which naturally invites the use of high-gain phased
array composed of hundreds of low-gain elements. Towards
higher throughput and flexibility, multi-beam satellites has
become popular [2]; for instance, OneWeb’s satellites in the
initial constellation utilizes 16 beams [3]. This multi-beam
capability necessitates the use of multiple RF chains. Fully
digital architectures can do the job, but with a requirement of
one RF chain per array element. Given hundreds of array ele-
ments, fully digital implementation is not affordable for LEO
satellites owing to their severe limitations on weight, size, and
power consumption. As an alternative, the use of hybrid arrays
are often considered. Specifically, partially-connected hybrid
architectures comprising of multiple subarrays are considered
owing to their cost-effectiveness compared to fully-connected
counterparts [4].

From footprint considerations, uniform planar arrays
(UPAs) are preferred for satellites. Being arranged in plane,
a variety of subarray topology can be used (see [5, Fig.
6(a)]). For single user multiple-input multiple-output (MIMO)
system, it is observed in [5, Fig. 7] that the best array topology
goes hand in hand with a propagation characteristic. When
it comes to multi-beam satellites, the performance would
depend on the location of ground stations, which entirely
determines the propagation channel in case of pure line-of-
sight (LOS) propagation. A welcome news is that one can
schedule ground stations to construct a channel favorable to
the array architecture.

The present paper advocates the use of linear subarrays
rather than more conventional square subarrays (see Fig. 1).
It is shown that the hybrid arrays with linear subarrays can
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Fig. 1. Hybrid array architectures.

mimic the fully digital arrays when the ground stations are
carefully scheduled.

II. SYSTEM MODEL

This section presents a system model that describes down-
link transmission from the UPA-equipped satellite to K
single-antenna ground stations. It is assumed that the bands
allocated to the users do not overlap to avoid interference.
Also, the total bandwidth is assumed to be much smaller than
the carrier frequency.

A. Array Model

Consider a UPA-equipped satellite communicating with a
single-antenna ground station. The UPA has dimensionality
N, x N, and antenna spacings along the respective dimensions
are d,, and d,,. For brevity, we adopt the zero-based numbering
convention for all indices throughout the paper.

The coordinate system is chosen so that nth element (n €
{0,...,N — 1} with N = N,N,) locates at

(@0 Yn O]T Ny271

dy(ny — ) O}T

where n, € {0,...,N, — 1} and n, € {0,..., N, — 1} are

the quotient and remainder of n/N,,. The location of the kth
ground station is

. . . T

Dy, [singy cosby  singpsinfy,  cos ¢y (1)

where Dy, is the communication range, 6, is the zenith angle,

and ¢y, is the azimuth angle. For convenience, let us introduce

the notations wy sin ¢ cos @ and v, = sin ¢y sin Oy,

which is a widely used convention in phased array theory

[6].
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B. Channel Model

Consider a pure line-of-sight connection between the satel-
lite and the kth ground station. Denoting the carrier frequency
by f., the normalized channel vector a*(-) satisfies [6, Eq.
1.59]

N 2w
(vl = exp (55 (w0 ). )
Such channel vector can be expressed as
a” (ug,vr) = ay(ug) ® ay(vi) 3)

where
" 2T . 27
a; (uy)=exp (J )\ukxn> ay (vy) =exp (J /\vkyn> e

Here, ® denotes the Kronecker product. The normalization
constant can be incorporated into the signal-to-noise ratio,
resulting in

N2GG, Py

NR, = —— -tk
SNR (47 Dy,)> Wi Ny

®)
where G is transmit element gain, G, is receive element gain,
Py is the radiated power for the kth ground station, W, is the
bandwidth allocated to the kth ground station, and Ny is the
noise spectral density.

C. Signal Model

Let us denote the analog and digital beamformers by F' €
CNXNrr and g, € CN®F| respectively, where Nip is the
number of RF chains. The receive signal at the kth ground
station can be described as

(6)

where s; ~ Ng(0,SNRy) is the transmit signal and vy, ~
Nc(0,1) is the Gaussian noise. The power constraint is then

(7

yr = a” (ug, vi) Fgrsy + vy

[Fgil® =1
from

E[| Fgrsi]|] = [ Fgr|*SNRy. ®)

III. ACHIEVING FULLY DIGITAL PERFORMANCE

As we consider partially-connected hybrid architectures, the
analog network F' has an additional constraint. Denoting the
set of elements connected to mth RF chain by I,,,, we have
[Flom =0if n ¢ I,.

To attain a fully digital performance, we need to have

la* (uk, vi)Fgi| = VN )

for all k. With a given analog beamformer F', the optimal
digital beamformer is essentially the maximum ratio trans-
mission

F*a(ug,v
g = | (ug, vx) (10)

|FF*a(u,vy)||
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where the normalization factor follows from the power con-
straint (7). Plugging (10) into (9), we obtain

| F*a(ug, vi)||* = VN| FF*a(ug, vp)]. (11
We can rewrite it as
a*(ug, vi) FF*a(ug, vg)
= |la(uk, vi) [ FF*a(ug, vg)||.  (12)

Recalling the equality condition of Cauchy-Schwarz inequal-
ity, the equality holds if and only if

a(uk,vk) || FF*a(uk,vk) (13)

for all k, where || denotes parallel symbol. Let us dissect it
by observing mth subarray, i.e.,

(a(uk> vk)) [Imﬂ {0}]

Channel between mth subarray
and kth ground station

I Fllm, {m}] (Fm,{m}])*(a(ug,vk))[Im, {0}]. (14)

Analog beamformer
for mth subarray

Scalar

where A[X, Y] denotes the submatrix of entries in the rows of

A indexed by set X and the columns indexed by Y, adopting

the notation in [7]. This results in
(@(ur; 0x)) I, (O3] || £ [, {m}]. (15)

Since it holds for all ground stations, for all k£ and k', we
have

(a(ug, o)), {0} || (@u, v&))[Im, {0}].

Put another way, for each m, the channels between mth
subarray and K ground stations should be parallel.

One can easily check that the reverse direction also holds.
If (16) holds, the choice

Flln, {m}] = (a(uk, vk))[Im,{0}]

(16)

a7

with any k satisfies (13). It is worth noting that there is no
need for amplitude tapering at the analog side.

As per (16), if any subarray has two elements whose z-
coordinates differ less than % and y-coordinates are identical,
we have ug = ... = ug—1 [8, Ex. 3.32]. Similarly, if any
subarray has two elements whose x-coordinates are identical
and y-coordinates differ less than %, we have vg = ...
v —1. Therefore, hybrid architecture with square subarrays
cannot perform as well as fully digital architecture unless all
the ground stations are located at the same coordinate.

This severely strict condition can be relaxed by the use
of linear subarrays with Ngp = N, in lieu of square one.
From the condition above, only vy = ... = v _1 is required.
In practical systems, this condition can be approximately
satisfied by judicious scheduling.
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Fig. 2. Empirical CDF of the loss in gain.

IV. SIMULATION RESULTS

In an actual operating environment, the performance of the
hybrid arrays may fall short of that of the fully digital arrays
because of the two assumptions we have made in the analysis:

« carrier frequencies of ground stations are identical
« v-coordinates of ground stations are identical.

The former condition is rather ideal since the fractional
bandwidth of operating satellites is about 10% [3], ditto for
the latter condition.

To see what happens when deviating from these assump-
tions, numerical study is conducted. The array parameters are
set to N, = N, = 20 and d;, = d, = A\/2. Eight ground
stations, i.e., K = 8, are considered having coordinates

up~Uniform(—=1,1) v ~Uniform(—d,,+d,).  (18)
The center frequency and bandwidth for each beam are set to
30 GHz and 150 MHz, respectively.

Fig. 2 depicts the empirical cumulative distribution function
(CDF) of the loss in gain when the proposed hybrid architec-

ture is used instead of fully digital one. That is,

|a* (ur, vi.) Fgi|?
¥ .

Ten thousands of random instances are generated for each §,.
The simulation result demonstrates that the loss is less than 1
dB for §,, = 0.02. Note that the coverage area with §,, = 0.02
roughly corresponds to the belt of 22 km width.

19)

V. CONCLUSION

This paper investigates a hybrid array architecture with lin-
ear subarrays. Its advantage over conventional square subarray
is analyzed.

Some potential follow-up research directions are

o investigation of other array types

« extension to the case of aggressive frequency reuse where
inter-beam interference exists

« joint optimization of scheduling

o consideration of multiple satellites.
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