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1.0 SUMMARY

This report achieved the three objectives stated in the original proposal during the period from
March 3, 2017, to August 14, 2018, by doing the following:

e Investigated satellite digital beamforming (BF) methods that can provide a user on the
move.

e Proved the proposed concept through simulation.

e Evaluated the merits and disadvantages of the proposed strategy by comparing the signal-
to interference-plus-noise ratio SINR.

20 INTRODUCTION

Motivation

A satellite communication (Sat-Com) system environment is quite different in many aspects
from those of terrestrial and cellular wireless communication systems. For example, the current
fourth-generation (4G) and future fifth-generation (5G) wireless communication systems have
exploited the benefits of channel diversity and multiplexing gain that exist in nature due to the
independence among channel coefficients from multiple transmit to multiple receiver, that is,
multiple-input, multiple-output (MIMO), antennas. In addition, a massive MIMO antenna in a
terrestrial communication system employs a large number of antenna elements at a base station (BS)
to enhance the data rate. The terrestrial channel coefficients from transmit antenna elements to
receive antenna elements are considered independent and identical, i.e., a favorable channel
propagation condition. A massive MIMO channel matrix can be of full rank, i.e., the minimum out
of the number of transmitter antenna elements N, and that of receiver antenna elements N, . Hence,

the multiplexing gain, i.e., the number of simultaneously supportable multiple access users can be
larger than 2.

However, in a Sat-Com link, even when an MIMO antenna is employed for the link from a
transponder to an end ground user terminal, or vice versa, the channel coefficients are strongly
correlated to each other because of the very small angle spread in the long propagation path. This is
referred to as the keyhole (KH) effect. Many existing works have demonstrated degraded channels
under KH effects through physical examples where transmit and receive signals are uncorrelated but
have a single degree of freedom. Hence, the maximum number of simultaneously supportable users
per carrier and per time slot has been two by employing a pair of two orthogonal waveforms, e.g., a
pair of right-hand circular (RHC) and left-hand circular (LHC) polarization waveforms.
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In addition, a Sat-Com link has a long waveform traveling distance, especially for a geostationary
earth orbit (GEO) satellite. Hence, the GEO requires extreme high transmitting power (e.g., 20 dBW
= 100 Watts) because it is located 36,000 km away. Thus, it is necessary to operate close to a
saturation point in a high-power amplifier (HPA), thereby causing undesirable intermodulation and
nonlinear impairments.

In contrast, although an HPA is employed at a cellular BS, it is not necessary for it to operate at
the maximum-output power level because of the relatively short waveform traveling distance (e.g.,
10 km), thereby yielding a small path loss compared to that in a 36,000-km satellite link. Hence, an
HPA in a cellular BS does not distort the transmitted signal as much as the one in a Sat-Com system.

Furthermore, most existing satellite systems have employed a phased array antenna for the
beamforming (BF) and a different carrier frequency from an adjacent beam. A maximum of two
users can be supported at a given time per carrier by the existing satellite BF method. Each beam
can support multiple users using different time division multiple access (TDMA) slots. And the
waveform round trip time is about 240 ms for a 36,000-km geodistance, which is much longer than
that in a terrestrial system, e.g., 67 us for a 10-km distance.

Therefore, the motivation of this report is the following question: Can we design a Sat-Com
system digital BF similar to a cellular MIMO system BF that can support more than two user-demand
signals per carrier per time slot, even under a KH and HPA nonlinearity environment?

Objective

First, the aim of this report is to find the optimum BF weight (or precoding) vectors under a
massive MIMO favorable channel condition as used in [1], [2], [3], but such that each user receives
a signal of the same strength.

The second aim of this report is to find the BF weight vectors according to user-demand signal
quality, e.g., user | may require a strong signal-to-interference-plus-noise ratio (SINR), SINR,, but
user k may only need a weak SINR, due to different user applications. Thus, it is not necessary to

support all users with the same data rate. The weight vector is taken as an orthonormal vector. We
compare our proposed model with that in [1].

Third, this report aims to analyze for the first time the BF vector degradation due to the
combined effects of multiple HPAs at the transmitter and a KH channel for a MIMO system with
K number of end users distributed on the ground/air. The nonlinear HPAs in our model can act as a
decode-and-forward (DF) relay satellite on-board processor.

Fourth, this report will employ the column vectors in a discrete Fourier transform (DFT) matrix
as satellite precoding BF vectors as done in [4] for a practical application. The size of the DFT
matrix is equal to N, xN,, where N, is the number of transmit antenna elements. An existing

phase array antenna employs a large number of antenna elements, e.g., 256. This report will
determine a combination of K column vectors out of N, number of column vectors to support K

users. This is because it is difficult to find an N, x1 optimum precoding BF vector in a closed
form for each user under the HPA nonlinearity and KH effect. The column vectors of a DFT matrix

Approved for public release; distribution is unlimited.
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have been used as precoding BF vectors for simple implementation with minimal degradation, as
in [4], but no HPA and no KH were considered. Each user receiver on the ground needs to report
its received SINR to an onboard transponder processor, which will find the best DFT column
vector combination for all K users that maximizes the sum of all K users’ SINRs. Therefore, the
main objective of this report is to find the best combination of DFT column vectors that maximizes
the sum of K users’ SINRs under HPA nonlinear distortion and KH channel environments. We

assume that K N,.

Fifth, this report will find a combination of K number of DFT column BF vectors to support K
user specific SINRs.

Lastly, this report will apply a maximal ratio combining (MRC) post-processing technique at
the receiver side to improve the received SINR further.

Literature Survey

Digital BF or precoding has been studied for many years for terrestrial communication links
but not sufficiently yet for satellite links, including both HPA and KH effects. Only a few references
have been selected for the literature survey. The authors in [1] considered a full-rank massive MIMO
channel (i.e., favorable channel condition) and proposed a broadcast downlink BF vector design that
maximizes the SINR of the worst user in a cell. In [2], the authors introduced the massive MIMO.
In [3], the authors considered two optimization problems: maximizing a jointly achievable SINR
threshold under a total power constraint, and minimizing the total transmission power while
satisfying the individual SINR constraints. Most massive MIMO BF studies [1-3] in the literature
have assumed the full-rank channel condition, and no HPA and no KH were considered. In [4] the
column vectors in a DFT matrix were used as precoding BF vectors. Recently, in [5], a generalized
multicast multibeam precoding for satellite communications was presented. Again, neither HPA nor
KH were considered in [4-5]. In [6], symbol-level precoding for the nonlinear multiuser multiple-
input, single-output (MISO) downlink channel was presented. In [7], the authors presented the data
predistortion for multicarrier satellite channels based on direct learning. In [6-7], nonlinear amplifier
effects were considered but not KH. Other symbol-level precoding studies have appeared recently
[8]-[10]; however, no KH was considered. Symbol-level precoding requires a full rank channel
matrix, and a KH channel rank of only 1. The authors in [11] measured and studied keyhole channel
effects on MIMO channel capacity, but HPA was not considered.

The high-power amplifier is an important topic of research in satellite communication, and there
is considerable research on this topic. The most commonly known HPA model is that of Saleh [12]-
[14]. Again, the KH effect was not considered in the literature that studied the HPA. This report will
include both Saleh’s HPA model and KH effects. The method in this report can be applied to other
HPA models as well.

The rest of the report is organized as follows. Section 4 is subdivided into two sections.
Subsection 4-A introduces a massive MIMO system model with end users having a single antenna
element and without any channel degradation due to HPA nonlinearity and the KH effect.
Subsection 4-B presents the MIMO system model with nonlinear HPAs and keyhole effects,
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followed by a system with no KH channel and no HPA distortion, a system with only the KH
channel but no HPA, and a system with no KH but only an HPA at the transmitter side. In this
subsection the user has multiple antenna elements. Section 5 presents the simulation results and
discussions. Section 6 draws the conclusion.

Uppercase boldface letters denote matrices, while lowercase boldface and italicized letters
denote column vectors. All italicized letters denote scalar quantities. The symbols x||,|| x|, and
x" denote the magnitude, norm, and Hermitian operators, respectively, and E[]X stands for
expectation of a random variable X .

3.0 METHODS, ASSUMPTIONS, AND PROCEDURES

In this report the following five system models are studied:

A. Massive MIMO System Channel Model: With Single Antenna at Each End User and
No Channel Degradation Due to HPA and KH Effect;

B. MIMO System Channel Model: With Multiple Antennas at Each End User and
Channel Degradation Due to HPA and KH Effect;

C. MIMO System Channel Model: With Multiple Antennas at Each End User and
Channel Degradation Due to HPA and No KH Effect;

D. MIMO System Channel Model: With Multiple Antennas at Each End User and
Channel Degradation Due to No HPA and KH Effect;

E. MIMO System Channel Model: With Multiple Antennas at Each End User and
Channel Degradation Due to No HPA and No KH Effect.

System models A and E are more valid for a terrestrial 5G wireless communications system
than a satellite channel, and the other System Models B, C, and D are more reasonable and useful
for a satellite channel communication system with a long propagation distance such as a GEO link
than a terrestrial channel. System Models C, D, and E, are special cases of System Model B.
Therefore, this report focuses more on System Models A and B in Theoretical Analysis Section,
and presents simulation results in Results and Discussion Section for all System Models including
C,D,and E.

40 PROCEDURE (THEORETICAL ANALYSIS)

A. Massive MIMO System Channel Model: With Single Antenna at Each End User and No
Channel Degradation due to HPA and KH Effect

In this section, we propose a massive MIMO system model where each end user has a single
(in this subsection model only) antenna element, and all users in a zone i behave as several
distributed antennas together. We consider n satellites, and each satellite has M antenna
elements.

Approved for public release; distribution is unlimited.
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In Figure 1, the angular difference between the transmitted signal and the interfering signal is
45 degrees for example. Satellite i is assumed to support two users in zone i for the simulation
purpose. It may support more users as well. Satellite j also supports two users in zone j. The
signal from satellite j interferes with the transmitted signal from satellite i to user k in zone i. The
potential number of users (K) in each zone is assumed to be the same. All users may or may not
utilize the service provided by the network all the time.

Figure 2 shows how the desirable data rate Rik can be expressed as a function of bandwidth
Bik, SINRik, modulation, and forward error-correction coding (FEC). In order to achieve the goals
that motivated this work, adaptive digital beamforming [1] is employed at satellite i with MIMO
antenna elements to support K users in its zone i. Satellite i supports users in zone i, and SINRix is
dependent on user k in zone i, k = (1, ..., K) users, i = (1, ..., n) satellites.

SATELLITE i L] SATELLITE

Angular diff.
between TX
signal and the
interfering
signal

Distance
between
Satellite 7 and
the zone1: d

Distance between
Satellite ; and the
zone i:] U

: O

ZONE i supporting K=2 ZONE ;j supporting K=2
users users

Figure 1. Satellite Digital Beamforming Considered for Simulation Results
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A SINR,,

p k

1 2 .o e I(
R, =B,log,(1+SINR, ) bps
Figure 2. User-specific SINR versus User Index k

In Figure 3, the multicast information symbol, s;, is a copy of the data that is multicast by
satellite i to all K users in multiple zones, whereas the individual data information symbol six for
user k in zone i is the user replicated data that can be used according to the requirement of each

user [1]. It should be noted that E[| s, [] is equal to 1.

The large-scale fading or slowly changing fading or the free space path loss gain from satellite
i to user k in zone j can be expressed as

B, =(2:/6,.6,, /d,)" 0

where G, is satellite i’s transmitter antenna gain in the direction of user k in zone j, G is
user k’s receiver antenna gain in zone j in the direction of satellite i, k =1L K users, i, j =1L n

satellites, and A is the wavelength. The distance between user k and the i-th and j-th satellites is
denoted by dik and djk, respectively. The channel vector from satellite i to user k in zone j with a

length M can be written as
o, =(Jan. o Jan) @

Where hijkm is @ small-scale fading or fast-changing fading identical independent distributed
Rician or Rayleigh fading coefficient due to the surrounding objects near user k in zone j from the
satellite i’s m-th antenna element and m =1L M antenna elements. Equation (2) can be further

written as
9, =(y8, )n.. ®

.
hijk = (hijkl’ L ! hijkM) (4)
and has a complex Gaussian normal distribution: CN (0,1, ).

where
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Figure 3 also shows a unit-norm multicasting BF vector that is used to manipulate the SINR
for users based on their demand. The BF vector of length M can be expressed as

.
Wi - (Wil’ L ! WiM ) ' (5)
This section also shows how the unit-norm multicasting BF vector helps to form multiple

beams steered in different directions for the adaptive BF in multidimensional vector space.

Wi

p ffkhffk'l

SINR

User k with one
antenna element in
zone i

: éiﬁd ff;b/

Pinvisan

Satellite i with M number of antenna elements
Figure 3. Satellite i’s Digital BF for User k in Zone i with Massive MIMO

The network considered in this subsection is a synchronized non-cooperative satellite network,
i.e., satellites and users are synchronized in time and share the same frequency band, and since the
network is non-cooperative, satellite i supports users in zone i only [1]. Based on the network
choice the discrete-time baseband signal received by user k in zone i can be expressed as

X :(\/;iwisi) (6)

where satellite i’s transmit power is P . The discrete-time base-band signal received by user K in
zone i can be expressed as
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y, —Zg,,kx, +2, (7)

where z_ is a complex additive white Gaussian noise (AWGN) vector with: CN (O, 02) at
user k in zone i, and the channel vector from satellite j to user k in zone i, for j = i can be expressed
asg, . The received signal has two components: desirable interference, and undesirable
interference with AWGN. We can further express the received signal as

Yi = \/Eigi'i—:(WiSi + ZN:\/;jg:ijSj tZ,. (8)

j#i
where the first term is the desirable component, the second term is the undesirable interference,
and z,_ is the AWGN with distribution CN (0, 0'2) at user k in zone i. The SINR for the k-th user

in the i-th zone can be written as
] 9)

|-eer1

Since E[|s; |’] and EJ| S; ] are 1, (9) can be simplified to

e[| VR
i E Ui\/ﬁg:kszj

j#i

ik

SINR, =— (10)

2 2
+ O

jik
ji

We try to find the BF weight vectors w, such that the SINR for all K users in zone i can be
achieved based on the user requirements.

Since we consider a non-cooperative satellite network, satellite i supports only users in zone i.
The first objective here is to find the weight vector w, such that SINR L SINR_ all are constants,

i.e., each user receives a signal of the same strength. The first objective function can be expressed
as

SINR_ ) (¢ 1
M |=| M=c| M=ct, (11)
SINR, ) \c 1
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under the constraint ||w || =1, i.e., the weight vector is taken to be an orthonormal vector
because it helps to normalize the signal power. Also, the constant c is positive. Simulation results
will help to understand exactly how the SINR, in the first objective function has been kept constant
for all users.

The second objective function finds the weight vector w,such that SINR L SINR,_ can be

different from one another, i.e., user-specific resources can be allocated to all K users. The second
objective function can be expressed as

SINR, ) (¢,
M |=| M|@c (12)
SINR, ) \c,

under the same constraint ||w | =1 and c¢_> 0, where k =1L K users. In this subsection the

SINRs at the receiver are averaged over the noise samples. The optimum weight vector that
satisfies the user demand vector in Equation (12) can be written as

W = a(c6" )_1 G (13)

where a is for the BF weight vector normalization and
G= (giil’ L ! giiK ) ' (14)

The proposed model in this section is compared with the referred model in [1], where the authors
presented a beamforming approach for terrestrial communications simply by maximizing the SINR
of the worst user receiver with single antenna element. The proposed model introduced in this
subsection presents a modified transmit beamforming scheme where weight vectors are obtained
so that they help to reach the target downlink SINR according to the user requirement. The authors
in [1] maximized the SINR of the worst user as

max min SINR  st. [|w | =1. (15)

w,  kell K

The optimum weight vector in [1] was derived as

W= (19)

where

M = 1/\/M Z:ﬂ(l/ﬂiik ) : (17)
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The simulation results in this report will support our theoretical discussion in Equations (13)-(17)
more clearly.

B. MIMO System Channel Model: With Multiple Antennas at Each End User and
Channel Degradation due to HPA and KH Effect

In this subsection, we obtain the BF vectors using a commonly known DFT matrix, and we
consider channel degradation scenarios due to HPA and KH effects. We present the four system
models and then formulate the sum of the SINRs of all users to find the optimum precoding BF
vector combination. Discussion includes the differences between MRC post processing and no
post processing at the receiver. All user signals use the same carrier frequency; hence, no
intermodulation product will be considered. Furthermore, we find the DFT BF vectors that may
help us to achieve user specific SINRs such that

SINR > SINR (18)

where SINR _ is the user demand SINR threshold. Our algorithm that will be discussed later

k_Th

k_Th "

helps us to understand how SINRs of all users simultaneously satisfy the condition as expressed in
Equation (18).

B-1. MIMO System Channel Model: With HPAs and Keyhole Effect
We consider an MIMO system with N, transmit antennas and N, receiver antennas. In our
model, as shown in Figure 1, user k ’s symbol s, is transmitted to K receivers on the ground/air, but

it is intended to be delivered to user k. The HPAs in Figure 4 can represent an on-board satellite
decode-and-forward (DF) transponder of multiple transmit antenna elements for a downlink.
Saleh’s nonlinear HPA model [12]-[14] is considered in this report. The proposed method selects a
BF vector w, from the BF codebook and constructs it using an (N, x N,) DFT matrix:

o 127 00/N, L @ 12m0(N-D/N,

1
WDFT = [WDFT,l L WDFT,Nt ] =T M O M : (19)

SV B R Y (Y

where Wy, isan N, x1 column vector employed for a distributed user k on the ground/air,
k e{l---K}. Because there are N, number of column vectors in W, , we can choose K number

of BF vectors out of N, number of possible column vectors because one orthonormal weight vector

is necessary for each user. The transmit antenna elements as modelled in Figure 4 use the same
transmitting power. There are (N,)Y/{(K (N, —K)!} number of combinations. The dimension of

each BF vectoris N, x1.
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Figure 4. MIMO System Channel Model with HPA and KH

The selected BF vector w, is multiplied to the k-th user modulated symbol, which is to be

transmitted by the DF transponder to the users on the ground/air. The vector sum signal x will be
input to a satellite transponder consisting of N, number of HPAs. The received signal vector y,

with a dimension of N, x1 at the k-th receiver (which has N, number of receive antenna elements)
IS written as

Yiorr = Higy (VOW s)+n,. (20)

where “o” denotes the component-by-component product called Hadamard product, and H},,
denotes the keyhole channel matrix of dimension N, x N, with a rank 1 for the k-th user and can
be expressed as
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k1 k1 k1™ kN

H, =h'hi=| M O M | (21)

kN k1 kN kN

The channel coefficient column vector for user k at the receiver, denoted by h'g,r of dimension
N, x1, is a circular symmetric complex Gaussian column vector in nature. Similarly, the channel
coefficient row vector for user k at the transmitter, denoted by hy of dimension 1xN,, is also
circular symmetric complex Gaussian in nature. The AWGN is denoted by vector n, in Equation
(20) of N, x1 dimension, and it has zero mean and a covariance matrix E[nknﬂz Noly, - In

Equation (20), the N, x K BF matrix W is chosen from the BF codebook in Equation (19), and

can be expressed as
W=[w, L w] (22)

The amplitude-to-amplitude (AM/AM) and amplitude-to-phase (AM/PM) characteristics of the
memoryless HPA are denoted by

v = fA(|X|)lep(\X\)_ (23)
(N2 |X|

The amplitude deviation based on AM/AM characteristics and the phase deviation based on
AM/PM characteristics are expressed, respectively, as

a,|x
f, (|X|):1+2| |)|(|2 (24)
A
and
b () =22 (25)
’ 1+ B |x[

According to Saleh’s nonlinear HPA model in [12], (e, =2, 8, =1) and (&, =4,5, =9.1). In
Equation (24), x is the input vector to the HPAs with dimension N, x1 and is expressed as

X
Mi=W s . (26)
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The N, x1 output vector of the HPAs can be written as

ul Vl Xi
u=| M=l Mol M]|. (27)
uN VN XN

When MRC post processing has not been applied, we formulate the SINR, for user k as

E[” H',‘<H (vow,)s, || }
K

N, + Z [H Hi,, (vow, )s)

j=1, j#k

SINR, orr = (28)

2} )
The summed SINRs can be maximized with respect to the optimum BF vector combination
as

max Z SINR, per - (29)

(wwm) 4

In Equation (29), the best combination of weight vectors (w,,w, ) is sought for K =2 users
that maximizes the summed SINRs,| #m, and I,m=1L N,. The best pair of weight vectors

N
(w,,w,) is chosen out of (Kt] number of combinations.

When MRC post processing is applied at the receiver, the received signal vector can be
expressed using Equation (20) as

Yk MRC — (Hk (VOWk ))H yk,DFT' (30)
Then,
H 2
E[H(Hf<H (vow,)) (Hi (vow,)s,) }
SINR, e = % - — (31)
{EU‘(HKKH (vow,)) n }+ > E[H(HL‘(H (vow,)) (Hf<H (vowj)sj) }}
j=1 j=k
Similarly, we find the best BF vector pair that maximizes the sum SINR of all users as
max Z SINR, e - (32)

(WI m k=1
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Equations (29) and (32) are expressions for two users but can be extended for a general case
of K >2 users with no difficulty.

Once we obtain the individual SINRs from Equations (28) and (31), the onboard transponder
checks if they are simultaneously greater than the SINR thresholds. Our objective in this case can
be expressed in Equations (33) and (34). Find for all users

W', W s.t. SINR per > SINR, (33)
and
W, W St SINR, e > SINR, 7, - (34)

The onboard transponder checks to see if our objectives are met or not through the algorithm
shown in Table I. In Equations (33) and (34), SINR, ;, is the threshold SINR demanded by the user.

For our simulation, we assume that the SINR threshold for user 1 is 3 dB and user 2 is 5 dB, when
K =2 users are considered. This is further extended to K =3 users.

Table 1. A Simple Search Algorithm to Find Optimum Weight
Vectors that Achieve User Demand SINRs

Step Descriptions
Find all weight vector pairs (w’,w’ ) that satisfy the
1 condition SINR, .. >SINR, ,, k=1L K.
Use the combination that generates the highest sum of
2
SINRs.
3 Repeat Steps 1 and 2 for the MRC case.

MIMO System Channel Model: No Nonlinear HPAs and No Keyhole Effect

Here we consider an MIMO system model for no HPAs and no keyhole channels. The SINR,
for the k-th user can be expressed as

E[(Hmsof
Nw—Z:EM“ﬂWﬁmﬂ

j=1j=k

SINR, o = (35)

and the SINR, . for the k-th user can be expressed as
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(Hka)H (Hkask)

gl

E[WFMWQan 2}

In Equations (35) and (36), H, denotes the channel coefficient matrix of dimension N_x N,, which
can be expressed as

]

2}+ jék E[H(kak)H (kajsj)

SINR, e = (36)

y
H =| M (37)
(NexNy)
L

where h, L h  are circular symmetric complex Gaussian row vectors of size 1x N,, where each
component has zero mean and unit variance. Similar to Equations (29) and (32), we find the best BF
vector combination that maximizes sum SINR__. and sum SINR_ - for K users. We also apply the

same algorithm as expressed previously in Table | to find if the user specific SINR demands are
satisfied.

MIMO System Channel Model: With Nonlinear HPAs and No Keyhole Effect

Here, we study only the nonlinearity effect on the system due to HPAs. The KH channels are
not included. The SINR, ., for the k-th user can be expressed as

[II (vow,) Iﬂ
SINR, per = (38)

N, + Z E[H vow 2}

J=1, j=k

while SINR, . for the k-th user can be expressed as

|

E[H(HK(VOWU )" (Hu(vow)s,) (39)
T % irvonr twvons ]

We repeat the process of finding the best weight vector combination that maximizes the sum of
SINR, o as expressed in Equation (38) for K users and the sum of SINR, .. as expressed in

Equation (39) for K users.

SINR, yre =

Mx

e[| vomy

N
IS

,j#k
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MIMO System Channel Model: No HPAs and with Keyhole Effect

Last, we focus on MIMO channel degradation solely due to KH effects. Figure 5 shows the
system model for this setup. The SINR, ;. and SINR, .. expressions are expressed, respectively,

as
e ||(Hams )|
SINR, oy = - — (40)
Ng+ E[”(HkKijsj)”
i=1, j=k J
and
-
e () (s,
SINR, yec =

> - = = (41)
[+ 30 el (s, |

E U‘( HE W, )H n,

The sum of SINR, ; and the sum of SINR, .. are maximized by choosing the best BF vector
combination (w,,w,, ), as shown previously in Equations (29) and (32).

For all the above cases, each user receiver can measure SINR . in practice without channel

matrix H, or H,, information, and report this SINR, ., from aterminal to an onboard transponder

via a return link, and the on-board processor can search the optimum weight vector combination that
maximizes the sum of SINR_ ., in Equation (29). The weight vector combination that also achieves

individual user demand SINRs can be obtained using the algorithm in Table 1.
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Figure 5. MIMO System Channel Model with No HPA and with KH
5.0 RESULTS AND DISCUSSION

A. Simulation for Massive MIMO System Model with Channel Degradation due to No HPA
and No KH Effect, for End User Having Multiple Antenna Elements

In this subsection, our results clearly support our proposed method to find the BF vectors that
achieve two objectives in Equations (11) and (12). We assume K = 2 users for the purpose of
simulation. We also take the AWGN power as —204 dB, carrier frequency as 2.4 GHz, interference

power P, as -9 dB, transmit power P as -5 dB, distance d;, from satellite i to user k in zone i as
20,000 miles, distance d, from satellite i to user k in zone j as 2 x 20,000 miles, target SINR

for objective 1 in Equation (11) as 10 dB, and target SINRs for objective 2 in Equation (12) as 10
and 50 dB. Figure 6 shows that objective 1 is satisfied, i.e., the SINR requirement by each user is
10 dB.
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Figure 6. Comparison between Proposed Objective 1 and [1]

Figure 7 shows that objective 2 is satisfied, where the SINR requirement by user 1 is 10 dB
and user 2 is 50 dB. These results help to establish the basic concept for the modified transmit BF
approach for satellite communications. Throughout this subsection the channel is assumed to be
perfect. It should also be noted that if interference |, due to the signal from satellite j interfering

with the transmitted signal from satellite i for user k in zone i, is zero, then the SINR, for each
user is almost the same as that of the target SINR. When the interference 1, is calculated using
BF vector w; from the j-th satellite to user k in zone i, the SINR, for each user can be reduced by
approximately 1.5 dB below the target SINR.
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Figure 7. Comparison between Proposed Objective 2 and [1]

B. Simulation for MIMO System Model with Channel Degradation Due to HPA and KH
Effect, for End User Having Multiple Antenna Elements

In this subsection, we discuss simulation results aimed at illustrating the mathematical
formulation introduced earlier. For purposes of our simulation, we vary N, =1.--10 transmit
antennas, N, =2 receiver antennas, K =2 or 3 users, and the one-sided AWGN noise power
spectral density N, =1/2. This section is subdivided into two parts. The first part discusses

simulation results with no MRC post processing, while the second part discusses simulation results
with MRC post processing. Throughout our simulations we average the SINRs over 100 samples of
channel coefficient matrices. The total power P is kept the same at 20 dB for all users, and the power
at each of the N, transmit antennas is assumed to be P/N,.
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No MRC Post Processing

Theoretically, when MRC post processing is applied at the receiver, it enhances the SINR and
recovers the transmitted signal more correctly. First, we present our results for the four system
models, as considered in Section Il, when no post processing is present.

The MIMO system channel model with no KH channels and no HPAs shows the best
performance. The sum of SINR, .. for this setup is approximately 1-2 dB higher than the sum of

SINR, pr When we consider the MIMO system channel model with HPAs and no KH channels,

as shown in Figure 8. The HPA output is normalized to have unit power. If the input to the HPA
is close to saturation, then the output will be distorted and the SINR will be degraded. Hence, the
SINR will be degraded, and the encircling denoted by X in Figure 8 clearly supports this
observation, when K = 2,

12
T T T T T T T T
Z )
10 | =
Y 7 -
I “\
/ 2 |
X / \ |
8 | > i
M 7N\ ¢ |
o] / - { | S
: )
e L O _
e
S \/
%)
e 4 | 4
S
£ a —6— K=2, MRC no post, no HPA, no KH
x z
‘25 —8— K=2, MRC no post, HPA, no KH
2 4
o —u— K=2, MRC no post, no HPA, KH
K=2, MRC no post, HPA, KH
O L | | | | | | | |
1 2 3 4 5 6 7 8 9 10

Number of transmit antennas

Figure 8. MIMO System Channel Models with No MRC Post Processing for K = 2

The encircling denoted by G in Figure 9 emphasizes a similar observation for K = 3 users. As
can be seen, even if the number of users is increased from K = 2 to K = 3, the sum of the SINR
performance is increased. This implies that the DFT-based BF precoding and the MRC
post processing can enhance the overall system performance.
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Next, we observe that the sum of SINR, ., for the MIMO system channel model with KH
channels and no HPAs is approximately 2 dB lower than the sum of SINR, ;. for the system
model with no KH channels and no HPAs. It is also less than 1 dB below the sum of SINR, .

for the system model with HPAs and no KH channels. The encircling denoted by Y in Figure 8

supports this observation for K = 2 users. The encircling denoted by H in Figure 9 observes the
same for K = 3 users.

The encircling for Z in Figure 8, for K = 2 users and the encircling for I in Figure 9 for K =3
users both show that the sum of SINR, .. for the system model with KH channels and with HPAs

is approximately 2-3 dB lower than the sum of SINR, ., for the system model with no KH
channels and no HPAs, almost 1 dB below the sum of SINR, .. for the system model with HPAs

and no KH channels, and approximately 0.5 dB below the sum of SINR, ., for the system model
with KH channels and no HPAs.
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Figure 9. MIMO System Channel Models with No MRC Post Processing for K = 3
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Next, we use the algorithm in Table I, to perform our simulation. We assume the SINR threshold
for user 1 to be 3 dB and for user 2 to be 5 dB when we have K = 2 users. When we have K = 3
users, we assume the SINR thresholds as 3 dB, 5 dB, and 7 dB, respectively. In Figure 10, we plot
individual SINRs for K = 2 users from the best combination of optimum weight vectors obtained
from the algorithm in Table | and make observations on how many transmit antennas are required
such that user SINRs simultaneously satisfy the constraints in Equation (33). In Figure 10, we plot
for the MIMO system model, no MRC, no HPA, with KH and with no KH for K = 2. As shown,
the encirclings denoted by a, b, c, d, and e clearly show that for N, >5, user 1 SINR and user 2

SINR simultaneously satisfy the constraints in Equation (33), when the MIMO system model has
no HPA and no KH. The encirclings for f and g shows that when the MIMO system model has no
HPA but has a KH channel, the number of transmit antennas supporting SINR constraints in
Equation (33) is N, >8.

25
T T T T T T T T
User 1 SINR with no MRC, no HPA, no KH, K=2
User 2 SINR with no MRC, no HPA, no KH, K=2
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_D User 1 SINR with no MRC, no HPA, KH, K=2
20 L User 2 SINR with no MRC, no HPA, KH, K=2 .
—B- Sum user SINR with no MRC, no HPA, KH, K=2
—3¢= User 1 SINR threshold of 3 dB
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Figure 10. Individual SINR Meeting User Demand SINR for System Model with No MRC
Post Processing, No HPA, with KH, and with No KH for K =2
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In Figure 11, the encirclings for h and i denote that for the MIMO system model with HPA and
no KH, individual SINRs simultaneously satisfy the constraints in (33) when N, >8. The

encircling for j, on the other hand, shows that for N, > 9, the individual SINRs can satisfy the user
demand threshold simultaneously.

15

T T T T T T T T —‘

-0 User 1 SINR with no MRC, HPA, no KH, K=2
=3 User 2SINR with no MRC, HPA, no KH, K=2
Sum user SINR with no MRC, HPA, no KH, K=2
User 1 SINR with no MRC, HPA, KH, K=2
=3 User 2 SINR with no MRC, HPA, KH, K=2
Sum user SINR with no MRC, HPA, KH, K=2
—p¢— User 1 SINR threshold as 3 dB
| | —y¢= User 2 SINR threshold as 5 dB

10

SINR in dB

Ul
¥
X
b 4
K

Number of transmit antennas

Figure 11. Individual SINR Meeting User Demand SINRs for System Model with No MRC
Post Processing, with HPA, with KH, and with No KH for K =2

Figures 12 and 13 show similar results for K = 3 users. The encirclings for k, I, and m in Figure
12, show that when there are K = 3 users, the individual user SINRs satisfy the SINR thresholds
of 3dB, 5dB, and 7 dB for K = 3 users, respectfully, simultaneously, when N, >7 and the MIMO

system model has no HPA and no KH. When the MIMO system model has no HPA but has a KH
channel, even when N, =10, individual SINRs do not satisfy the SINR constraint as in Equation

(33), simultaneously.
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In Figure 13, we observe that when the MIMO system model has HPA and no KH, the
individual user SINRs for K = 3 meet the SINR threshold constraint as in Equation (33), only for
N, >9. Individual user SINRs are not able to satisfy Equation (33) simultaneously when the

MIMO system model has channel degradation effects due to both HPA and the KH channel for

N, <10.
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Figure 12. Individual SINR Meeting User Demand SINRs for System Model with No MRC

Post Processing, No HPA, with KH, and with No KH for K =3
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Figure 13. Individual SINR Meeting User Demand SINRs for System Model with No MRC
Post Processing, with HPA, with KH, and with No KH for K=3

With MRC Post Processing

Here, we focus on the case when MRC post processing is applied to all four system models
under discussion.

The sum of SINR, o for the MIMO system channel model with no KH channels and no
HPAs, as shown in Figure 14, is approximately 1-2 dB higher than the sum of SINR, ... for the

system model with HPAs and no KH channels. The encircling denoted by P in Figure 14 shows
this result clearly, when there are K = 2 number of users. In Figure 15, the encircling for D supports
our above observation for K = 3 number of users.

The encircling for Q in Figure 14 for K = 2 and the encircling for E in Figure 15 for K = 3 shows
that the sum of SINR, .. for the system model with KH and no HPAs is approximately 2 dB

lower than the sum of SINR, .. observed for the system with no KH and no HPAs. Also, it is
approximately 1 dB lower than the sum of SINR, ... when the model has HPAs but no KH
channels.
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The encircling for R in Figure 14 when there are K = 2 number of users, clearly shows that the
sum of SINR, . for the system with KH channels and HPAs is approximately 2-3 dB lower than

that of the system with no HPAs and no KH channels. Similar results are achieved for K = 3
number of users and are denoted by the encircling for F in Figure 15. It can also be seen from
Figures 14 and 15 that the sum of SINR .. for the system with KH channels and HPAs is

approximately 0.5 dB lower than that of the system with KH channels and no HPAs, and 1-2 dB
lower than that of the system with HPAs and no KH channels. It is also clearly shown in Figures
8, 9, 14, and 15 that the MRC post processing increases the sum SINR when KH channels are not
included. In the presence of KH channels, the performance of the system with the MRC post
processing remains the same as under no post processing. This probably occurs because of the
highly correlated, and low-ranked KH channel matrix. It has also been observed that the DFT-
based BF precoding and the MRC post processing enhances the overall system performance, even
for K > 2 users. This implies that six users can be supported by the proposed satellite BF with K
=3 and two RHC and LHC polarizations.

12
10 |

8 L
m
o
=
x
Z 6|
wn
S
>
(9]
E 4|
E |
'(;U K=2, MRC post, no HPA, no KH
= —g— K=2, MRC post, HPA, no KH

2 K=2, MRC post, no HPA, KH -

K=2, MRC post, HPA, KH
0v 1 1 1 1 | I I I
1 2 3 4 5 6 7 8 9 10

Number of transmit antennas

Figure 14. MIMO System Channel Models with MRC Post Processing for K =2
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Figure 15. MIMO System Channel Models with MRC Post Processing for K =3

In Figures 16 and 17, the individual user SINR that gives us the maximum sum SINR has been
plotted with no MRC post processing and with MRC post processing for K > 2. Results show that
individual SINRs increase with the number of transmit antennas, and users are also able to reach
their target SINR. Similar results follow when we have K = 2 users.
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Figure 16. User Specific SINR for MIMO System Channel Models with No MRC Post

Processing for K =3

Approved for public release; distribution is unlimited.

28



10

8 L

6 [

4 |
oM
©
=
x 2
= i —5— SINR userl, MRC post, no HPA, no KH
(]

=g SINR user2, MRC post, no HPA, no KH

=—g— SINR userl, MRC post, HPA, no KH
=g SINR user2, MRC post, HPA, no KH
—st— SINR userl, MRC post, no HPA, KH
—4— SINR user2, MRC post, no HPA, KH

o B
SINR userl, MRC post, HPA, KH
v SINR user2, MRC post, HPA, KH
-4 l ! ! ! ! ! \ \ \
1 2 3 4 5 6 7 8 9 10

Number of transmit antennas

Figure 17. User Specific SINR for MIMO System Channel Models with MRC Post
Processing for K =3

Next, we plot individual SINRs for the best combination of optimum weight vectors that
achieve the objective in Equation (34). In Figure 18, encirclings for o, p, q, r, s, and t show that,
when MRC post processing is applied to the MIMO system model with no HPA and no KH and
also with no HPA and with KH, individual SINRs as obtained from the algorithm in Table I satisfy
the SINR threshold constraints for K = 2 users as in Equation (34), for N, >4 transmit antennas.
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Figure 18. Individual SINR Meeting User Demand SINR for System Model with MRC Post

Processing, No HPA, with KH, and with No KH for K =2

In Figure 19, the encirclings for i, ii, iii, iv, v, and vi denote that for K = 2 users, when we have
an MIMO system model with HPA and no KH, individual user SINRs obtained from the algorithm
in Table I satisfy the SINR threshold constraint in Equation (34) for N, > 4. The encircling for vi

also indicates that when the MIMO system model with HPA and with a KH channel is considered,

the individual SINRs satisfy the constraint for N, >9.
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Figure 19. Individual SINR Meeting User Demand SINRs for System Model with MRC
Post Processing, with HPA, with KH, and with No KH for K =2

In Figures 20 and 21, we plot the same as above for K = 3 users. The encirclings for w, x, and
y in Figure 20 denote that for both the MIMO system models with no HPA and no KH, as well as
with no HPA and with KH, the individual SINRs obtained using the algorithm in Table |
simultaneously exceeds the SINR thresholds of 3 dB, 5 dB, and 7 dB for K = 3 users, for N, > 7.

In Figure 21, the encirclings for vii, ix, and x show that for K = 3 users, individual SINRs meet
the SINR threshold constraint in Equation (30) for N, >7, when the MIMO system model has

HPA but no KH channel. It can also be seen that for the MIMO system model with HPA and with
KH, the individual SINRs does not satisfy the SINR constraint for N, <10.
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Figure 20. Individual SINR Meeting User Demand SINRs for System Model with MRC Post

Processing, with No HPA, with KH, and with No KH for K =3
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Figure 21. Individual SINR Meeting User Demand SINRs for System Model with MRC Post
Processing, with HPA, with KH, and with No KH for K =3

6.0 CONCLUSIONS

Our results in this report clearly indicate the feasibility of satellite digital beamforming with the
proposed objectives 1 and 2 in Equations (11) and (12), respectively. In other words, with our
proposed method, satellite digital BF is possible to meet the user-specific individual SINR or data
rate when the favorable channel propagation condition is met. Our simulation results also show that
when channel degradation exists due to HPA and KH channel effects, the user-specific SINR can
also be achieved, but this depends on certain conditions like the number of transmit antennas, the
number of users, and if the channel is affected by both KH and HPA, or either one. Also, we studied
an optimum precoding BF vector combination maximizing the sum of SINRs at the ground/air users
by using column vector combinations from a DFT matrix under HPA nonlinearity and keyhole
channel environments for K > 2 users. We made observations that MRC post processing improves
the sum SINRs in most cases. But we also observed that under KH channel environments, the MRC
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post processing does not improve the received signal quality. In conclusion, 2K number of BF user
signals can be supported simultaneously with BF and two RHC and LHC polarizations. One
drawback of the proposed DFT-based precoding vector method is the feedback requirement that
the K number of users on the ground/air must report their SINRS to a satellite onboard processor
during the training period before transmitting a high volume of data via their return link so that the
system controller can determine which weight vector combination maximizes the overall sum
SINR. However, this requirement is manageable, because the receiver can send only a one-bit
feedback.
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LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

4G

5G
AFRL
AM/AM
AM/PM
AWGN
BF

BS

dB
dBW
DF

DFT
FEC
GEO
HPA
KH
LHC
MIMO
MISO
MRC
RHC
SAT-COM
SINR
TDMA

Fourth-generation
Fifth-generation

Air Force Research Laboratory
Amplitude-to-amplitude
Amplitude-to-phase

Additive white Gaussian noise
Beamforming

Base station

Decibel

Decibel Watt

Decode-and forward

Discrete Fourier Transform
Forward Error-correction Coding Geostationary
Earth Orbit

High Power Amplifier
Keyhole

Left-hand Circular
Multiple-input Multiple-output
Multiple-input, Single-Output
Maximal Ratio Combining
Right-hand Circular

Satellite Communication
Signal-to-interference-plus-noise Ratio
Time Division Multiple Access
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