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Abstract— Since hybrid beamforming (HBF) can approach the
performance of fully-digital beamforming (FDBF) with much
lower hardware complexity, we investigate the HBF design for
beam-hopping (BH) low earth orbit (LEO) satellite commu-
nications (SatComs). Aiming at maximizing the sum-rate of
totally illuminated beam positions during the whole BH period,
we consider joint beamforming and illumination pattern design
subject to the HBF constraints and sum-rate requirements.
To address the non-convexity of the HBF constraints, we tem-
porarily replace the HBF constraints with the FDBF constraints.
Then we propose an FDBF and illumination pattern random
search (FDBF-IPRS) scheme to optimize illumination patterns
and fully-digital beamformers using constrained random search
and fractional programming methods. To further reduce the
computational complexity, we propose an FDBF and illumination
pattern alternating optimization (FDBF-IPAO) scheme, where we
relax the integer illumination pattern to continuous variables and
after finishing all the iterations we quantize the continuous vari-
ables into integer ones. Based on the fully-digital beamformers
designed by the FDBF-IPRS or FDBF-IPAO scheme, we propose
an HBF alternating minimization algorithm to design the hybrid
beamformers. Simulation results show that the proposed schemes
can achieve satisfactory sum-rate performance for BH LEO
SatComs.

Index Terms— Beam-hopping (BH), hybrid beamforming
(HBF), illumination pattern, LEO satellite communications.

I. INTRODUCTION

O ACHIEVE full coverage of spatial and terrestrial
wireless communications, the upcoming sixth generation
wireless communications integrating satellite communications
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(SatComs) will establish a fully connected wireless network.
SatComs can provide seamless and stable wireless service
to complement and extend terrestrial communications, and
therefore can address the challenge of insufficient connectivity
for remote areas such as deserts, mountains and oceans [2],
[3], [4]. Compared to medium earth orbit and geosynchronous
earth orbit counterparts, the low earth orbit (LEO) satellites
are proximal to the earth, with the advantages of low latency
in wireless access, reduced energy for launching, and small
power for signal transmission from the satellites to terrestrial
receivers [5]. Therefore, LEO SatComs have received increas-
ing attention and become hotspots of commercial investment.
The companies such as SpaceX and Amazon, have already
put forward their commercial LEO SatCom products including
Starlink and Kuiper [6].

As one of the key technologies of LEO SatComs, beam-
hopping (BH) has raised great interest from both academia
and the industry, owing to its flexibility and low complexity
for implementation [5], [7]. BH is capable of achieving
multi-beam coverage with reduced inter-beam interference [8],
[9] and improved resource utilization [10], [11], by simul-
taneously activating a set of beams at each time slot in a
designed illumination pattern and periodically repeating in the
next BH time window. To reduce the inter-beam interference
among illuminated beams in the same time slot, adjacent
beams are not preferred by the BH [8]. Aiming at minimizing
the interference-based penalty function, a dynamic BH scheme
is proposed in conjunction with selective precoding [9].
To appropriately allocate the resource in SatComs, a joint
power allocation and BH design scheme with non-orthogonal
multiple access is employed subject to the requested traffic
demands [10]. Aiming at efficiently utilizing time domain and
power domain resources in BH SatComs, an adaptive resource
adjustment method is proposed to design the BH illumination
pattern and transmit power allocation [11].

Furthermore, the beamforming has been widely adopted
to achieve high data-rate for LEO SatComs. Aiming at
maximizing the sum-rate of the SatCom system, a joint
beamforming and power allocation scheme is proposed to
mitigate the interference among the ground users [12]. Com-
pared to the fully-digital beamforming (FDBF) that achieves
the satisfactory performance at the cost of very-high hard-
ware complexity [13], [14], hybrid beamforming (HBF) is
promising to balance the performance and hardware con-
straints. A hybrid analog and digital beamforming method is
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developed in the massive MIMO LEO SatCom systems [15],
where the HBF architecture is equipped at the satellite to
transmit multiple beams. To further mitigate intra-beam and
inter-beam interference, a two-stage HBF scheme together
with an adaptive user scheduling scheme is proposed for
millimeter-wave spectrum coexisting integrated terrestrial-
satellite network [16]. Based on the angel information instead
of channel state information in SatComs, an HBF scheme is
designed using the codebook to perform the beam selection
for the LEO SatComs [17]. To achieve flexible beam cov-
erage while maintaining the RF cost for the LEO SatComs,
the beamforming based on movable antenna array is con-
sidered with the time-varying beam coverage for terrestrial
users [18], [19].

By combining the advantages of the flexibility and high
data-rate, the beamforming design is considered for SatComs
with BH. To reduce the power consumption, compressed
sensing is employed to design FDBF with BH [8]. To balance
the data traffic among clusters where each cluster is formed
by multiple beams, a joint optimization method of singular-
value-decomposition FDBF and BH is proposed subject to
the service requirement of each beam [20]. Aiming at maxi-
mizing the energy efficiency in BH SatComs, a cluster-based
BH scheme with FDBF design is proposed to achieve the
on-demand capacity allocation [21]. However, to the best
knowledge of authors, so far there has been no work on HBF
for LEO SatComs with BH aiming at sum-rate maximization.
Note that the sum-rate maximization is an important objective
for wireless communications including SatComs and the HBF
can effectively reduce the hardware complexity for the payload
of the satellite.

In this paper, we investigate the HBF design for BH
SatComs. Aiming at maximizing the sum-rate of totally illumi-
nated beam positions during the whole BH period, we consider
joint beamforming and illumination pattern (BIP) design sub-
ject to the HBF constraints and sum-rate requirements. As a
summary, our contributions include the following three points,
where the first point is included in our conference paper [1].

o To address the non-convexity of the HBF constraints,
we temporarily replace the HBF constraints with the
FDBF constraints. Then an FDBF and illumination pat-
tern random search (FDBF-IPRS) scheme is proposed,
where the illumination pattern of SatComs is generated by
the constrained random search and then the fully-digital
beamformers of the satellite are designed by the fractional
programming (FP) methods.

o To reduce the computational complexity, we propose an
FDBF and illumination pattern alternating optimization
(FDBF-IPAO) scheme to decouple the BIP problem into
two subproblems, namely, the FDBF design subproblem
and the illumination pattern design subproblem, and
alternately optimize these two subproblems until a stop
condition is triggered. For the FDBF design subproblem,
the FP method is employed to obtain the fully-digital
beamformers. For the illumination pattern design sub-
problem that is mixed-integer and non-convex, we relax
the integer illumination pattern to continuous variables so
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that the FP method can be used for the optimization. Once
the stop condition is triggered, we quantize the continuous
variables into integer ones to determine the illumination
pattern.

« Based on the fully-digital beamformers designed by the
FDBF-IPRS or FDBF-IPAO scheme, we propose an HBF
alternating minimization (HBF-AM) algorithm to design
the hybrid beamformers. By minimizing the Euclidean
distance between the designed fully-digital beamformers
and the hybrid beamformers, the digital beamformers and
analog beamformers are iteratively optimized using the
Riemannian manifold optimization method.

Notations: Boldfaced lowercase and uppercase letters rep-
resent vectors and matrices, respectively. The conjugate,
expectation, transpose, Hermitian transpose, Frobenius norm,
and Kronecker product are denoted as (-)*, E(-), ()", ()",
[-[l, and ®, respectively. C and R represent the sets of
complex-valued numbers and real-valued numbers, respec-
tively. Iy, denotes the Identity matrix with the dimension
of Ny x Ng. M = {1,2,... M}, N = {1,2,...,N;} and
Nps = {1,2,..., Nps}.

II. SYSTEM MODEL

Consider a downlink LEO SatCom system, where the LEO
satellite equipped with Ngg antennas can simultaneously gen-
erate K spot beams to illuminate K beam positions on the
ground. To illuminate the total Ny beam positions, we use the
BH, where each BH period includes M time slots. To guaran-
tee that each beam position is illuminated at least once during
each BH period, we require

KM > N,. (D

As illustrated in Fig. 1, the beam positions with different radius
are determined according to the number of ground users and
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the service demand before performing the BH [22]. Note that
the satellite works in the multicast mode and therefore different
users located in the same beam position receive the same signal
from the satellite.

To transmit K independent data streams at each time slot,
the LEO satellite employs the HBF architecture equipped with
Ngrr RF chains, where K < Ngrg. The HBF architecture
includes analog beamformer F; € CNes*Nrr and digital
beamformer @, € CVrr*Ns for the tth time slot, respectively.
Let s € CNs denote a symbol vector transmitted by the LEO
satellite. The received signal at the total /Ny beam positions in
the tth time slot can be expressed as

y,=HF,Q,s+ 2, te M, 2)

where z € C™: denotes an additive white Gaussian noise
vector with [z], ~ CN (0702), and H € CN-*Nss denotes
the downlink SatCom channel matrix. Note that H is supposed
to be the same during the whole BH period [9]. In fact,
we have

H = [nf,h},.... KN ]", 3)

where h,, denotes the channel vector between the LEO satel-
lite and the nth beam position for n € N'. Assuming that the
Doppler frequency shift caused by the satellite movement is
compensated by the ground users and the sky is clear so that
the rain attenuation is neglected, we can express h,, as
L, |

ho =" 9" 0" (Nas, 6). “)
where L, denotes the number of the channel paths, 91(”)
represents the angle-of-departure of the [th channel path, and
v (NBS, Gl(")) denotes the channel steering vector of a uniform
linear array given as

1
Ng

. _ (n)qT
76]7\'(NBS 1)6, ] ,

v(Ngs, ") = [1»6j7r9’(n),~--

w0

®)

for | =1,2,...,L,. In fact, we have Hl(”) = 2d0£—2 sin@l("),
where dy, f. and v. represent the antenna spacing, carrier
frequency and speed of light, respectively, and 9~l(n) denotes
the physical angle of the /th channel path forl = 1,2,..., L,.
Note that gl(") represents the channel gain of the [th channel

path obeying Rician fading distribution with Rician factor Xl(n)

()2 _, (n) . (n)
and E(’ g, ‘ ) n; . Specifically, ;" can be expressed as

(n) _ Ve 2 GrGtNBS
K Anf.d) ~ wBTR

(6)

where B, d, k, and TR represent the bandwidth, propagation
distance, Boltzmann’s constant and receiving noise tempera-
ture, respectively. G, and G denote the transmitting antenna
gain of the satellite and receiving antenna gain of the ground
users, respectively [15].

We denote a binary variable z,, ; € {0, 1} as the illumination
indicator of the nth beam position in the tth time slot, for
te Mand n € N. If z,; = 1, the nth beam position is
illuminated by a spot beam of the LEO satellite at the tth time
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slot; otherwise, it is not illuminated. Since the LEO satellite
can simultaneously generate at most K spot beams in each
time slot, we have

Ns
Do T S K. @
We define the illumination pattern as X, where
[X)nt = Tne, neN, te M. (8)

To simplify the notation, we define

Qt = [qﬁaqéaaqg\g] (9)

Then, the achievable rate of the nth beam position in the ¢th
time slot can be expressed as

il A Fiqh|?
Rt (Ft,Q,, X) = log, <1+ Zntlhn Fiqn| )

S Tl Fiegh | + o2
(10

III. JOINT BEAMFORMING AND ILLUMINATION
PATTERN DESIGN

To maximize the sum-rate of the total Ny beam positions
during the whole BH period, we jointly optimize the analog
and digital beamforming matrices {F';, Q,,t € M} together
with the illumination pattern. The joint BIP design problem
can be formulated as

Ns M
Rni (Fy, Q. X 11
X,{Ffr,lgffte/w}glgl o (F1, Qi X) (1)
M
st. Y Rnt(FiuQ;, X) =, VneN,  (1b)
t=1
Ny 9
Y| FidL]; < Piot, ¥t e M, (11c)
n=1
[[Ft]in| =1,Vie Ngs,neN, (11d)
Ns
Zn;l”""at < K,Vte M, (11e)
Znt €{0,1},Vn e N,Vt e M, (119)

where 7, and P, are the predefined threshold of the sum-rate
and the power constraint, respectively. To be specific, con-
straint (11b) indicates that the sum-rate of the nth beam
position during the whole BH period is no smaller than
~Yn. Constraint (11c) indicates that the total transmit power
of the LEO satellite in each time slot is no larger than
Piot. Constraint (11d) indicates the unit-modulus constraints
of analog beamformers. Constraint (11e) indicates that the
maximum number of illuminated beam positions in each time
slot is no larger than K. In fact, the constraints (11c), (11d)
and (11e) compose the HBF constraints.

It is seen from (11a) and (11b) that the beamforming matri-
ces and the illumination pattern are coupled, leading (11) to
be a mixed integer non-convex optimization problem. To solve
this joint BIP design problem, we temporarily replace the HBF
constraints with the FDBF constraints and then design the
illumination pattern.

Authorized licensed use limited to: Auburn University. Downloaded on January 13,2025 at 20:02:39 UTC from IEEE Xplore. Restrictions apply.



WANG et al.: JOINT BEAMFORMING AND ILLUMINATION PATTERN DESIGN FOR BH LEO SatComs

Define the fully-digital beamformer at the ¢th time slot for
te M as

e CNBsxN. (12)

Py = [pi,p;, ..., Pi,]

We temporarily replace the HBF constraints on F'; and Q,,
with the FDBF constraints on P;. Then the fully-digital BIP
design problem can be given as

N M
(B 2 24 e (P X0 39
M
s.t. Y Rnt (P, X) =, VneN, (13b)
t=1
Ny )
Z HPH‘Q < Pioy, VE €M, (13¢)
n=1
(11e), (11f), (13d)

which is also a mixed integer non-convex optimization prob-
lem.

To solve (13), we propose the FDBF-IPRS and FDBF-IPAO
schemes in Section III-A and Section III-B, respectively. For
the FDBF-IPRS scheme, the illumination pattern of SatComs
is generated by the constrained random search and then
the fully-digital beamformers of the satellite are designed
by the FP methods. For the FDBF-IPAO scheme, we decouple
the fully-digital BIP problem into two subproblems, namely,
the FDBF design subproblem and the illumination pattern
design subproblem, and alternately optimize these two sub-
problems until a stop condition is triggered. For the FDBF
design subproblem, the FP method is employed to obtain the
fully-digital beamformers. For the illumination pattern design
subproblem that is mixed-integer and non-convex, we relax
the integer illumination pattern to continuous variables so
that the FP method can be used for the optimization. Once
the stop condition is triggered, we quantize the continuous
variables into integer ones to determine the illumination
pattern.

To solve (11), in Section III-C we propose an HBF-AM
algorithm to design the hybrid beamformers based on the
fully-digital beamformers designed by the FDBF-IPRS or
FDBF-IPAO scheme. By minimizing the Euclidean distance
between the designed fully-digital beamformers and the hybrid
beamformers, the digital beamformers and analog beamform-
ers are iteratively optimized using the Riemannian manifold
optimization method.

A. FDBF-IPRS Scheme

Suppose the candidate illumination patterns are denoted
by a set {X;,i€Z}, where I is the number of candidate
illumination pattern sets and Z = {1,2,...,1}. To reduce
the complexity of exhaustive search, we generate {X;,7 € Z}
obeying the following two criteria.

o To completely utilize the resource in each time slot,

we simultaneously illuminated K beams in the tth
time slot, i.e., replacing the inequality by the equality
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in (11e) as

Ny
Z Tnt = K, Yt e M. (14)
n=1

o To avoid the redundant illumination, the nth beam posi-
tion can only be illuminated once during the whole BH
period, which can be expressed as

M
an’tzl, VneN.

t=1

15)

The index set of non-illuminated beam positions at the
tth time slot, denoted as B, is initialized to be N. The
index set of illuminated beam positions at the tth time slot,
denoted as Ay, is determined by randomly choosing K beam
positions from B. At the next time slot, we update B by
removing the beam positions of A; from 5, which can be
expressed as

By repeating (16), we determine A; fort = 1,2,..., M. Then
we can determine X by
1, neA,teM
Tnt = {0, otherwise ‘ a7

Since X satisfies (14) and (15), it is a valid candidate
illumination pattern, which can be added to {X;,i € Z} by

X — X,1eT. (18)

In this way, we can determine {X;, ¢ € Z}, which is essentially
based on the constrained random search. In the following,
based on the candidate illumination patterns, we will find one
achieving the largest sum-rate.

Given X = X}, ¢ € Z, the FDBF design subproblem of (13)
can be rewritten as

Ns
Rn. (P, X 19
{Prf’l'im};uﬂ + (P, X) (19a)
M
s.t. ZRM (P, X) = yn,Vne N, (19b)
t=1
N )
DU PLI; < Pot, Yt e M, (19¢)
n=1

which is non-convex due to the logarithmic-fractional form
of the objective function (19a) and constraint (19b). To deal
with the non-convexity of (19), the FP method can be applied
using the quadratic transform [23]. To simplify the notation,
we define

P, =pi(p}) keN. 20)
Then (19) can be transformed into
Ny M
nt (Phs tin 21
(Potem), DU Fut (Pl tinct) (21a)

{1in e teMmeN} 1=
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Algorithm 1 FDBF-IPRS Scheme

1: Input: Ng, Ngs, K, M and I.

2: Initialization: B < N/,

3: fort=1,2,...,1 do

4 fort=1,2,...,M do

5: Determine A; based on 5.
6: Update B via (16).

7 end for

8 Obtain X; via (18).

9 repeat

10: Update {ji,, ¢,t € M,n e N} via (23).
11 Obtain {Py,t € M} by solving (19).
12: until Stop Condition 1 is triggered

13 Obtain P\, PV, P\ via (26).

14: end for

1s: Obtain [Py, Py, ..., Py, X] via (27).
16: Output: Py, Py, ... Py and X.

M
D Fut (Pl fint) =, Yne N, (21b)
t=1

(19¢). (21c)

Note that a new function f,, ; (pL,, ptn,¢) in (21) is defined as
Fot (Pl ) = logy (1 + 2Re {y/Fn aptl 1l }

Ny ~t. g
- MEJ& (Zk;&n xk,tthkhn + OQ)Mn,t)a

(22)
where an auxiliary variable p,, ; is defined as
\/fn,thnpz
Pnt = — N . (23)
Dhon Ththn Prhy, 4+ 0?
In fact, i, ¢ is determined by setting
a n 4 ) n
f N (pn 1% ,t) =0. (24)

a.un,t

Note that with fixed {p,,¢,t € M,n e N}, (21) is convex,
which is equivalent to (19) and can be solved by the interior-
point method. By alternately updating {s,, ¢, t € M,n e N}
with fixed {P;,t € M} and updating {P;,t € M} with fixed
{tint,t € M,ne N}, we run the iteration until triggering
Stop Condition 1, which can be set as the maximum iteration
number being reached. Then we can obtain a solution of pf,
as

Ns M
P, = argmax > > fur (Pl tint)- (25)

" o n=1t=1

Therefore, given X;,i € Z, we can obtain T)f“ t =
1,2,..., M, based on the procedures from (19) to (25). Then
the designed beamforming matrix given X; is denoted as

5@

P, = [p{,p5, ... (26)

P -

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 23, NO. 12, DECEMBER 2024

Then the ORtimizedNi together with the designed FDBF
matrices Py, Po, ..., P can be obtained by

[P1,Ps,..., Py, X] =
. M
—(1)
arg max ZRn,t P, ),
{?5”,?” ..... P x; zeI n=1t=1

27)

which achieves the largest sum-rate.

The detailed steps of the proposed FDBF-IPRS scheme are
summarized in Algorithm 1. The computational complexity of
the FDBF-IPRS scheme is O (m (MNpsN,)*®log, (1 /51)> :
where T} denotes the predefined maximum iteration number
of Stop Condition 1 and £; > 0 is the solution accuracy of
the CVX solver used in the FDBF-IPRS scheme [24].

B. FDBF-IPAO Scheme

Due to the binary property of X, (13) is a mixed integer
non-convex optimization problem, which is difficult to solve.
To reduce the difficulty in tackling integer variables, we relax
the binary variable z,, to a continuous variable Z, ;, with
0 < Z,+ < 1, and then transform (13) into a continuous
optimization problem. In fact, we will quantize the continuous
variables into binary ones after finishing all the iterations.

To solve (13), we decouple it into two subproblems, namely,
the FDBF design subproblem and the illumination pattern
design subproblem, and alternately optimize these two sub-
problems until a stop condition is triggered.

Define [X],+ = Znt, n € N, t € M. For the FDBF
design subproblem, given 3(\, (13) can be rewritten as

Rpi (Pi,X) = v, Vne N, (28b)
Z , ( )
N,
Z Hp;“Z < Ptot7 Vte M7 (280)
n=1

which is non-convex due to the logarithmic-fractional form of
the objective function (28a) and constraint (28b). To deal with
the non-convexity of (28), the FP method can be applied using
the quadratic transform [23]. Then (28) can be transformed
into

Ny M
n ¢ n 29
{Pgltzg};/l}x Zl Zjl f it (pn’ C ,t) ( a)
{Cn,f,,tEMJLeN} n=1t=
M
2 fn,t (p:w Cn,t) = %,Vn = ./\/'7 (29b)
t=1
(28¢). (29¢)

Note that a new function f,, ; (pl,, Cu¢) in (29) is defined as

St (P Gat) = Togy (1+ 2Re {\/Z o CEl b, }
~ L (B0 Bk PLRE £ %) Gae), (30)
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where an auxiliary variable ¢, ; is defined as

~ t
A/ xn,thnpn

St = —; : (31)
ZkN;n "r\k',tthkhg + 02
In fact, ¢, ; is determined by setting
J n t, n
M =0. (32)

a(:n,t

Note that with fixed {C,+,t € M,n e N}, (29) is convex,
which is equivalent to (28) and can be solved by the interior-
point method. By alternately updating {(, ¢, t € M,n e N}
with fixed {P;,t € M} and updating {P;,t € M} with fixed
{Cn.t,t € M,n € N}, we run the iteration until triggering Stop
Condition 2, which can be set as the maximum iteration
number being reached. Then we obtain a solution of pf, as

N. M
By, = argmax Y " fur (Pl Cos)- (33)

" op=1t=1
Therefore, given i, we can obtain _p’fl, t=1,2,...,M,

based on the procedures from (28) to (33). Then the designed
FDBF matrix given X is denoted as

B, =[P, B, Bh

For the illumination pattern design subproblem, given
1_51,1_52, .. .,I_D)M, (13) can be rewritten as

(34)

Ny M

max Z 2 R, (ﬁt,k\> (35a)
X p=1t=1
M .
st > R (Ta’t, X) >~ ¥neN,  (35b)
t=1
N
D ans <K \Vte M, (35¢)
n=1
xnt €{0,1},Vn e N, Vit e M. (35d)
Note that (35) 1is non-convex because of the

logarithmic-fractional form of the objective function (35a)
and the constraint (35b). To deal with the non-convexity
of (35), we define an auxiliary variable as

/N H—t
wn,thn p n

~ ¥t g 9’
Zk;ﬁn Ty thnPLh,, +o0

fn,t =

(36)

where
Ht —t (—t\H
Py = B (P)) keN.

Then we define two vectors v!, € CMNs and d!, e CMN-
respectively as

'Ufz = 2Re {§f,thn_p’fl} 63\4 ® e}i,s,

d 2et,®d
n — €M n’

(37

(38)
(39)

where e, denotes an M -dimensional column vector with
its entries all being zero except its ith entry being one, ey
denotes an /Ng-dimensional column vector with its entries all
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b%ing zero except its nth entry being one, and the ¢th entry of

d, is

(40)

[zf] é{h,j?;hs, ieN,i#k,
b 0, i=k.

To give compact notation, we stack the relaxed continuous
variables together as

A~

A A ~ 4T
Ty = (T4, T2, TNt] s (41)
T
. [AT AT AT
z = |2].2],....2%] “2)

Based on the quadratic transform, the achievable rate
in (35a) can be expressed as

~ T
Roo(Pi, X) = log, (14 v vl — &, (2" dl, + 0) €00

= gnﬁt (fn,h $) ) (43)

where 1/ is a vector with the same dimension as « and each
entry of 4/ is the square root of that of «, and g,, ¢ ({1, @) is
a newly defined function. In fact, &, ; in (36) can be obtained
by setting

9gn.t (&nt, @)

= 0. (44)
agn,t
Then (35) can be transformed into
N, M
ot (&n,ts 45
. SRVPIPICICEL A
M
St nit (§nts T) = Y, (45b)
t=1
(I]u@].%s)wﬁK'lA{, (45¢)
Az > 1y, 45d)

where A = [In ,In,,...,In] € RN>*MNs 1y and 1y
denote the N,-dimensional and M -dimensional column vector
with its entries all being one, respectively.

Note that with fixed {&,,n € N,t € M}, (45) is convex,
which can be solved by the existing convex optimization
tools. By alternately updating {,,n e N,te M} with a
fixed  and updating x with fixed {&,:,neN,te M},
we run the iterations until triggering Stop Condition 3,
which can be set as the maximum iteration number being
reached. The computational complexity of solving (45)
is O(Tg,(MNS)?"slog2 (1/52)), where T3 denotes the pre-
defined maximum iteration number of Stop Condition 3
and e2 > 0 1is the solution accuracy of the CVX
solver [24].

Based on the solutions of the FDBF design subproblem and
illumination pattern design subproblem, now we propose an
FDBF-IPAO scheme for the fully-digital BIP design problem
by alternately optimizing these two subproblems until a stop
condition is triggered.

Specifically, we initialize a feasible x by setting all its
entries being K /Ny to satisfy (45¢) and (45d), i.e.,

[€]; = K/N,, i =1,2,..., MN,. (46)
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Algorithm 2 FDBF-IPAO Scheme
1: Input: Ng, Nps, K, M.
2: Initialization: Initialize x via (46).

3: repeat

4 repeat

5 Update {(,+,t € M,n e N} via (31).
6: Obtain {P;,t € M} by solving (28).
7 until Srop Condition 2 is triggered

8 Obtain _P)l, 1_3)2, .. I_J)N[ via (34).

9 repeat

10: Update {&,,+,t € M,n € N} via (36).
11: Obtain x by solving (45).

12: until Stop Condition 3 is triggered

13: until Stop Condition 4 is triggered

14: Obtain X v1a 47).

Is: Substitute X in (28) by X and then solve (28), obtaining

1’ 7... ~
16: Olltpllt ﬁl,ﬁg, . ~7_P)IL[7 X

Given @, we update {(, ¢t € M,ne N} via (31) and then
obtain {P;,t € M} by solving (28), which is indicated by
step 4 to step 7 and is iteratively executed until triggering
Stop Condition 2. Then we obtain 1_3)1,1—527...,1_51\4 via
(34). Based on the obtained 1—51,732, ..., Py, we updated
{&nt,t € M,ne N} via (36) and then obtain = by solv-
ing (45), which is indicated by step 9 to step 12 and
is iteratively performed until triggering Stop Condition 3.
We alternately run the above steps until triggering Stop Con-
dition 4, which can be simply set that a predefined maximum
number of iteration is reached. In fact, Stop Condition 4 can
be more effectively set that the objective of (28) can no longer
increase.

To satisfy (35d), we need to quantize the continuous vari-
ables into binary ones by

~

[X]n,t =

If Zf\il [X]Lt > K,t e M, we define [%]
and set the largest K entries in the tth column of X as
1. Then, we achieve the designed illumination pattern X.
Then we substitute X in (28) by X and then solve (28),
obtaining ﬁl,ﬁz,...,ﬁM as the finally designed fully-
digital beamformers.

lw7z+NS(t—1) + O5J (47)

nt . Tn+Ns(t—1)

The detailed steps of the proposed FDBF-IPAO
scheme are summarized in Algorithm 2. The
computational complexity of FDBF-IPAO scheme is

O(((Ty + 1) ToNES + TuTs) (MN,)*° logy (1/22)), where
Ty and T, denote the maximum iteration numbers of Stop
Condition 2 and Stop Condition 4, respectively.

C. HBF-AM Algorithm

Based on the FDBF matrices 131, 132, . 13M designed
by the FDBF-IPRS scheme or 1_3)1, 1_52, ..., Py designed
by the FDBF-IPAO scheme, now we determine the hybrid
beamformers, which are essentially the multiplication of the
analog beamformers and digital beamformers. Without loss of
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generality, we use the designed FDBF matrices 131, 152, el
P to present the HBF-AM algorithm.

By minimizing the Euclidean distance between the designed
fully-digital beamformers and the hybrid beamformers, the
HBF design problem for ¢t = 1,2,..., M can be expressed

as
g [P = FiQ, (482)
st [|FiQylp < Prot, (48b)
[[Fi]in|l =1,Vie Ngs,neN, (48¢c)

where (48b) is the total transmission power constraint
and (48c) is the unit-modulus constraint due to the phase
shifters in analog beamformers. In fact, we can temporarily
neglect (48b) to solve the following problem as

pin [P R, @9
st. |[Filin] =1,Yie Npg,neN. (49b)

Note that (48b) can be satisfied via normalizing @), obtained
from (49). For (49), the analog beamformers F'; and digital
beamformers @, can be designed by alternately performing
the following two steps.
o Step I: Given a feasible solution of F'; denoted as Ft,
the digital beamformer design problem can be formulated
as

min [P = F.Qy|y (50)
which can be solved by the least squared method with
the solution as

Q.- (Fi'r.) FiP. (51)
o Step 2: Given @t, the analog beamformer design problem
can be formulated as

min |P; - F.Q,|, (52a)

st [[Ftlin| =1,Vie Ngs,neN, (52b)

which can be solved by the Riemannian manifold opti-
mization method using the existing toolbox.

We iteratively perform the above two steps until Stop Condi-
tion 5 is triggered, which can be set as the maximum iteration
number being reached. For the obtained Qt and F, after
finishing all the iterations, we normalize Qt to satisfy (48b)
via

~ VPt A
Q — =~ Qr (53)
17:Qu
We repeat the same procedure for ¢ = 1,2,..., M and

obtain the analog beamformers F'y, F'a, ...,
beamformers Q,Qs, ..., Q-

The detailed steps for the HBF-AM algorithm are summa-
rized in Algorithm 3. Note that the computational complexity
of the HBF-AM algorithm is O(MT5 (NS?’ + NBSNS)), where
Ts denotes the predefined maximum iteration number of
Stop Condition 5.

Fj; and digital
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Algorithm 3 HBF-AM Algorithm

1: Input: 131,132, oy Par

2: fort =1,2,..., M do

3 repeat

4: Randomly generate F'; based on (48c).
5 Compute Q, via (51).

6 Obtain F'; by solving (52).

7 until Stop Condition 5 is triggered

8: Normalized @, via (53).
9: end for

10: Output: IA71,1A72,...71A7M and @1,@27...,62]”.

To solve the joint BIP problem in (11), if we use the
FDBF-IPRS scheme followed by the HBF-AM algorithm, the
computational complexity is

19 (ITl(MNBSNS)3'5log2 (1/e1) + MT5(N? + NBSNS)) .
(54)

If we use the FDBF-IPAO scheme followed by the HBF-AM
algorithm, the computational complexity is

0( (T4 + 1) TyNps® + TyTy) (MN,)>® logy (1/22)

+ MT5(NZ + NpsN) ). (55)

Since the computational complexity to determine the
fully-digital beamformers given the illumination pattern based
on the FP method is similar for the FDBF-IPRS and FDBF-
IPAO schemes, 717 and 7% are similar. To find a near-optimal
solution from the randomly generated illumination pattern, [
needs to be set large, where I is typically much larger than
Ty. To be specific, we set

I kK K
il CN.CN—k - ON—(m-1)K>

M

I= (56)

where C]I\fs denotes the binomial coefficient of choosing K
beam positions from the total Ny beam positions. It is seen
that as Ny becomes large, I gets extremely large. Therefore,
the computational complexity of FDBF-IPRS is much higher
than that of FDBF-IPAO. On the other hand, as I grows to be
infinity, the optimal solution will be obtained by FDBF-IPRS.

IV. SIMULATION RESULTS

We assume that the LEO satellite is equipped with Ngg =
64 antennas, Ngr = 6 RF chains and Ny = 6 beam positions,
where the maximum number of illuminated beam positions is
K = 2 and the number of BH time slots is M = 3. The
channels between the LEO satellite and each beam position
are supposed to include L,, = 2 channel paths, where the
channel gain gl(") obeys Rician fading distribution with Rician
factor X;") = 10 dB. The simulation parameters are mainly
summarized in Table 1. Note that in this paper the HBF design
is performed by the HBF-AM algorithm, based on the FDBF
designed by either the FDBF-IPRS or FDBF-IPAO scheme.
For simplicity, we set Ny = K M. In fact, if N cannot be
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TABLE 1
SIMULATION PARAMETERS
Parameter Value
Numbers of satellite antennas Nps 64
Numbers of total beam positions N 6
Numbers of time slots M
Rician factor X;”) 10 dB
Bandwidth B 250 MHz
Carrier frequency fe 20 GHz
Boltzmann’s constant 1.38 x 1072J . K!
Receiving noise temperature Tr 293 K

Sum-rate (bps/Hz)

—k—FDBE(P,, = 120) o
13511 @ HBF(P, = 120) S S
—s—FDBF (P, = 110) S
-0 HBF(P, = 110) =
. ‘ ‘ ‘ ‘ ‘ ‘ ‘
0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
%o (bps/Hz)

Fig. 2. Comparisons of sum-rate of total N beam positions under different
~n for FDBF design and HBF design with different Piot.

evenly divided by M or K, we suppose Ny = KM + D,
where Nj is divided by K with a remainder D. Then we need
M + 1 time slots, where D beam positions are illuminated in
one time slot and K beam positions are illuminated in each
of the M time slots.

As shown in Fig. 2, we compare the sum-rate of total Ny
beam positions under different v,, and P, with fixed Ngg =
64 and Ny = 6, where the FDBF-IPRS scheme is employed
for both the FDBF and HBF design. For simplicity, ,, is set
the same for different n. It is observed that as -, increases,
the sum-rate of total Ny beam positions falls, which implies
that a high requirement of the sum-rate from the individual
beam position results in a poor sum-rate of the total beam
positions. When P, grows from 110 to 120 W, the sum-rate
can be increased by around 10% for either FDBF and HBF
given the same 7,,.

As shown in Fig. 3, we compare the sum-rate of total
N; beam positions under different v, and Npg with fixed
Ng = 6 and Pyt = 120 W, where the FDBF-IPRS scheme is
employed for both the FDBF and HBF design. For simplicity,
we set 7, the same for different n. It can be observed that
the sum-rate of total Ny beam positions falls as +,, increases.
For both FDBF and HBF with the same ,, a larger antenna
array provides more beamforming design degrees of freedom.
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Fig. 3. Comparisons of sum-rate of total N beam positions under different

Npg for FDBF design and HBF design with different ~y,.
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Fig. 4. Convergence of the sum-rate of FDBF-IPAO scheme with differ-
ent Piot.

When increasing from Npg = 64 to Ngg = 96, the sum-rate
can be improved by around 33%.

To evaluate the convergence of the FDBF-IPAO scheme,
we provide the sum-rate versus the number of iterations for
different P;, as shown in Fig. 4. We set v,, = 0.01 bps/Hz,
Npg = 32 and Ny = 6. When P, grows from 80 to 120 W,
the sum-rate can be increased from 0.65 bps/Hz to 0.97 bps/Hz
with 50% improvement. Moreover, it can be seen that the
FDBF-IPAO scheme can converge in no more than eight
iterations.

As shown in Fig. 5, we compare the sum-rate under different
P, for FDBF and HBF with fixed v, = 0.01 bps/Hz,
Npg = 32 and Ny = 6, where different schemes including
FDBF-IPRS and FDBF-IPAO are employed. It can be observed
that as P, increase, the sum-rate of total Ny beam positions
increases for both FDBF and HBF. For either FDBF-IPRS or
FDBF-IPAO, the sum-rate of HBF is lower than that of FDBF,
since HBF has constraints from the phase shifter networks and
achieves lower hardware complexity than FDBF. For the same
FDBF, the sum-rate achieved by the FDBF-IPAO scheme is
slightly lower than that achieved by the FDBF-IPRS scheme.
The reason is that the FDBF-IPAO scheme reduces the com-
putational complexity by solving the continuous optimization
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Fig. 6. Comparisons of sum-rate of total Ng beam positions under different
Piot for FDBF and HBF equipped with different Npg.

problem for illumination pattern design, where the random
initialization of the illumination pattern may lead to a fast
convergence to a locally optimal solution.

Fig. 6 compares the sum-rate of total Ny beam positions for
FDBF and HBF using the FDBF-IPAO scheme, where we set
different P, and Ng and fix v, = 0.01 bps/Hz. It is seen
that larger P;.; leads to higher sum-rate. To further evaluate
the impact of different antenna numbers, we set Npg = 32,
64 and 96 for both FDBF and HBF design schemes. When
we enlarge Npg from 32 to 96, the increased sum-rate can be
achieved for the same P,.;. Furthermore, as Npg increases,
the gap between FDBF and HBF becomes large. The reason
is that more antennas lead to more unit-modulus constraints
coming from the phase shifters for HBF, which makes HBF
more difficult to approach the performance of FDBF.

As shown in Fig. 7, we compare the sum-rate for different
K and M using the FDBF-IPAO scheme for the HBF design.
We fix v, = 0.01 bps/Hz and Npg = 32. In fact, we compare
Ny = 4, Ny = 6 and Ny = 8. It is seen that as Ny
increases, the sum-rate substantially improves. When fixing
K = 2, either enlarging M = 2 to M = 3 or enlarging
M = 3 to M = 4 leads to around 40% increase of the
sum-rate, which implies that more time slots for SatComs
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Fig. 7. Comparisons of sum-rate of total N beam positions for different K
and M.

can effectively improve the sum-rate. When fixing M = 2,
enlarging K = 2 to K = 3 leads to around 6% increase of
the sum-rate. When fixing Ny = 6, the sum-rate of K = 2 and
M = 3 is around 38% higher than that of K = 3 and
M = 2, which implies that improving the number of time slots
for SatComs is more effective than increasing the number of
illuminated beam position within the same time slot.

V. CONCLUSION

In this paper, we have investigated the HBF design for
BH LEO SatComs. Aiming at maximizing the sum-rate of
totally illuminated beam positions during the whole BH
period, we have considered the joint BIP design problem
subject to the HBF constraints and sum-rate requirements.
To solve this joint BIP design problem, we have temporarily
replaced the HBF constraints with the FDBF constraints and
converted the original problem into a fully-digital BIP design
problem. We have proposed the FDBF-IPRS and FDBF-IPAO
schemes to design the fully-digital beamformers. Then we
have proposed the HBF-AM algorithm to design the hybrid
beamformers. Simulation results have shown that the proposed
schemes can achieve satisfactory sum-rate performance for BH
LEO SatComs. Future work will be continued with the focus
on the power allocation for BH LEO SatCom:s.
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