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Abstract—In this paper, we consider an unmanned aerial vehi-
cle (UAV)-enabled massive multiple-input multiple-out (MIMO)
non-orthogonal multiple access (NOMA) full-duplex (FD) two-
way relay (TWR) system with low-resolution analog-to-digital
converters/digital-to-analog converters (ADCs/DACs), where the
UAV provides services for multi-pair ground users (GUs). By em-
ploying maximum ratio combining/maximum ratio transmission
(MRC/MRT), the approximate closed-form expressions for sum
spectrum/energy efficiency (SE/EE) with imperfect channel state
information (CSI), imperfect successive interference cancellation
(SIC) and quantization noise are derived. To evaluate the effects
of the parameters on system performance, the asymptotic analysis
and the power scaling laws are further provided. The numerical
results verify the accuracy of theoretical analysis and show
that the interference and noise can be effectively eliminated by
deploying large-scale antennas, adopting larger Rician factors,
and applying proper power scaling law. We also demonstrate
that the proposed system can obtain better SE by adjusting the
height of the UAV. Moreover, the system performance is related
to the ADCs/DACs quantization bits, where the SE saturation
values increase with the increasing number of quantization bits,
while the EE first increases and then decreases. Finally, the
SE/EE trade-off at low precision ADCs/DACs can be achieved by
choosing the appropriate number of quantization bits, and the
trade-off region grows as Rician factor increases.

Index Terms—Unmanned aerial vehicle (UAV), massive
multiple-input multiple-out (MIMO), non-orthogonal multiple
access (NOMA), two-way relay (TWR), low-resolution ADC-
s/DACs.

I. INTRODUCTION

NMANNED aerial vehicles (UAVs) have attracted
widespread attention for the high mobility, ease of
deployment, and low cost, which can provide solutions for
application scenarios with terrestrial communication loads,
such as by deploying UAVs to meet network reconstruction
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requirements after major natural disasters and the sudden
increasing communication needs for major holiday gatherings
[1]. UAV-assisted communication is recognized as a potential
indispensable technology in the beyond-fifth generation/sixth
generation (BSG/6G) communication networks [2]-[4]. Com-
pared with conventional terrestrial communications, the UAV-
ground channel has an inherent advantage of stronger line-
of-sight (LoS) links, which is more attractive to provide
high transmission rates and reliable wireless connectivity [5].
On the other hand, massive multiple-input multiple-output
(MIMO), non-orthogonal multiple access (NOMA) and full-
duplex (FD) are also promising technologies for future mobile
networks. Through massive MIMO, the system spectrum ef-
ficiency (SE) and energy efficiency (EE) can be significantly
enhanced [6], [7]. By invoking superposition coding (SC) and
successive interference cancellation (SIC), NOMA can achieve
higher spectrum utilization and larger system capacity than
conventional orthogonal multiple access (OMA) [8], [9]. The
FD mode can theoretically achieve double the transmission
rate than half-duplex (HD) one [10].

The integration of massive MIMO, NOMA and FD into
UAV communication networks can effectively relieve the
capacity pressure caused by ultra-dense access and improve
the quality-of-service of wireless communication. Besides,
two-way transmission can further improve the SE of UAV
relay systems [11]. Some related studies combining these
technologies have been carried out in [12]-[14]. All the
aforementioned works consider the use of a dedicated radio
frequency (RF) chain on each antenna of the UAV. However, in
practical implementation of UAV-enabled FD massive MIMO
systems, deploying large-scale antennas will significantly com-
plicate the hardware design, since the related hardware cost
and power consumption are unaffordable. Specifically, each
antenna element requires an analog-to-digital converter/digital-
to-analog converter (ADC/DAC) unit [15]. This suggests that
the increase of antennas number leads to the increase in
ADC/DAC converters. The power consumption of the analog-
digital converters is linearly related to the sampling frequency
and exponentially related to the resolution [16]. To address
this problem, an effective way is to employ low-resolution
ADCs/DACs, which has the benefits of cost effectiveness,
energy saving and engineering simplicity.

Recently, there are a lot of works on applying low-resolution
ADCs/DACs to FD massive MIMO systems [17]-[22]. In [17],
the authors analyzed the impacts of low-resolution ADCs and
loop interference on the achievable SE of a multi-user FD
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massive MIMO amplify-and-forward (AF) relaying systems,
which utilized the maximum ratio combining/maximum ratio
transmission (MRC/MRT) and zero-forcing reception/zero-
forcing transmission. Considering channel estimation, the
authors in [18] derived the exact and approximate closed-
form expressions for the achievable sum rate (ASR) of the
systems similar to [17] and provided the optimal relay power
allocation scheme. The rate performance of a FD massive
MIMO relaying system over Rician fading channels with low-
resolution ADCs was studied in [19]. Extending to hetero-
geneous network, the authors in [20] considered the network
backhaul implementation of low-resolution ADCs FD massive
MIMO systems, and investigated the SE/EE under imperfect
channel state information (CSI) over Rician fading channels.
The authors in [21] and [22] investigated the uplink/downlink
(UL/DL) rates of the FD massive MIMO systems with low-
resolution ADCs/DACs under perfect CSI and imperfect CSI
over Rician fading channels, and the EE was also discussed.
All these studies are based on unidirectional OMA. Moreover,
channel estimation was performed in [18], [20]-[22], and only
[18] considered the effect of quantization error on channel
estimation, but it merely studied the effect of low-resolution
ADCs.

Motivated by the above discussion and relying on the re-
search gap that still exist in the literature, which is summarized
in Table I. To bridge this gap, this paper analyzes the effect of
quantization error on the UL and DL channel estimation, and
studies the SE and EE performance of UAV-enabled multi-
pair massive MIMO-NOMA relay systems, where the two-
way shared FD UAV is configured with massive antennas
in the presence of low-resolution ADCs/DACs. The main
contributions are listed as follows:

e We consider a low-resolution ACD/DAC architecture
for UAV-enabled FD massive MIMO-NOMA two-way relay
(TWR) systems. The UAV employs low-resolution ADCs and
low-resolution DACs on the receive and transmit antennas, re-
spectively. This double quantized system model complements
the vacancy in existing research on UAV-aided MIMO com-
munications, which can significantly improve SE performance
with small power consumption and low hardware cost.

e We investigate the SE and EE performance under im-
perfect CSI, imperfect SIC and low-resolution ADCs/DACs.
More precisely, by employing MRC/MRT, the closed-form
approximate expressions of the sum SE and total EE are
derived. The effects of the transmit power of GUs/UAV, the
number of UAV antennas, the height of the UAV, the number
of quantization bits and the Rician factor on the system
performance are further analyzed.

e Based on approximation expressions, we present some
asymptotic analysis, and characterize the power scaling law.
The results show that by appropriately adjusting the UAV
altitude, increasing the value of Rician factor and the number
of UAV antennas can effectively compensate the SE loss
caused by quantization noise. We also find that despite the use
of low-resolution ADCs/DACs, employing massive antennas at
the UAV can provide significant power savings.

e In the simulation section, we confirm that with low-
resolution ADC/DAC architecture, the proposed massive
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Fig. 1. UAV-enabled massive MIMO-NOMA FD TWR system with low-
resolution ADCs/DACs.

MIMO-NOMA FD TWR system has an appreciable SE gain
compared to the corresponding OMA and/or HD system.
Moreover, we provide the SE/EE trade-off for different quan-
tization bits. The optimal number of quantization bits and the
required UAV antennas to maximize EE are illustrated. We
further demonstrate that the proposed system works better in
Rician fading channels with stronger LoS component in the
presence of low-resolution ADCs/DACs.

Notation: The matrices, vectors, and variables are repre-
sented in bold capital, bold lowercase, and italics letters,
respectively. CP*9 denotes a complex matrix of dimension
p X ¢, I, denotes an r x r identity matrix, and diag(-) is a
diagonal matrix. Moreover, (), ()%, ()", and (-)~" stand
for the conjugate-transpose, the conjugate, the transpose, and
the inverse of a matrix, respectively, while ||-|| denotes the
Euclidian norm of a vector, and ||| is the Frobenius norm
of a matrix. Also, the operations of expectation, variance, trace
and scalar quantization are denoted by E {-}, Var{-}, Tr(-),
Q(+), respectively. Finally, CN (a,b) represents a circularly
symmetric complex Gaussian distribution with mean of a and
variance of b.

II. SYSTEM MODEL

As shown in Fig. 1, we consider a multi-pair massive
MIMO-NOMA system that consists of M pairs of ground users
(GU), and a two-way shared AF FD UAV relay (UR). The
ith GU S;,i = 1,2,..., M exchanges information with the
(M + i)th GU Sjps4; on the same time-frequency resources
via UR, since there is no available direct link between them
due to the deep shadowing and/or obstacle. We assume that UR
is deployed at a fixed altitude and equipped with N transmit
antennas and N receive antennas, while each GU has a single
transmit/receive antenna. Besides, both the UL and DL RF
chains of UR employ low-resolution ADCs/DACs to save the
cost and energy. The low-resolution ADCs cause quantization
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TABLE I
LITERATURE SURVEY

Channel Estimation
Ref./Prop. | Rician Channel with Impact of T‘YI(,)-Wﬁy .N(.)MA Hardware Impairment Performance Index
o ransmission
Quantization Error
[17] X X X Low-resolution ADCs SE
[18] X v X Low-resolution ADCs ASR
[19] v X X Low-resolution ADCs ASR
[20] v X X Low-resolution ADCs SE, EE
[21] v X X Low-resolution ADCs/DACs UL/DL rate
[22] v X X Low-resolution ADCs/DACs UL/DL rate, EE
prop. v v v Low-resolution ADCs/DACs SE, EE

errors in the channel estimation and UL data reception phases,
while the low-resolution DACs introduce signal distortion for
the DL data transmission [22]. Therefore, the studied system
is double quantized. Without loss of generality, a 3D Cartesian
coordinate system is considered. The location of \S; is assumed
to be fixed at q; = [zg,,ys,,0] . and UR’s position is set to
u = [xy,yu, H] , thereby the distance between .S; and UR is
given as d; = ||u — q;||. We define the vectors hgg ; € CN*1
and hyg ; € C1*V as the channels from S; to UR and UR to
S;, respectively. For X € {SR,RS}, hy ; can be modeled as

Bo (Prym +Pry"ma) Kxi
df (Kx,i+1) 9%

Bo (Pry nL + Pri™ naL)
df (KX,i + 1) gX,zv

hx;=

)

6]

where fy represents the channel power gain constant at the
reference distance of 1 meter, while Pry and Pri" denote the
LoS and NLoS probability between .S; and UR, respectively,
whose expressions are refer to [23] (Eq.((3) and (5))'. n. and
nn are the additional attenuation factors for the LoS and
NLoS links, respectively, and & is the path loss exponent. In
addition, K x ; represents the Rician factor of S;, g X denotes
the deterministic direct component, and g x ; denotes the ran-
dom scattering component, which consists of independent and
identically distributed (i.i.d.) CN (0,1) elements. We assume
that the UAV antennas are the uniform linear arrays, then, g X
can be expressed as

gxi= |1, eI (27l/N) sin(@i)’ N ’ej(Nq)(zwl/,\) sin(gi):|T’ 2)
where A\ represents the carrier wavelength, [ denotes the
antenna spacing, and 6; denotes the angle of arrival from .S;
to UR. For convenience, we concatenate the channel vectors
hsr; and hg&i to obtain the channels in matrix form as
HSR = [hSR717hSR727 ...,hs&g]u] S (CNX2M and HES =
[Ars.1; Prs 2, -, hrsan] - € C2M*N - Additionally, the resid-
ual self-loop interference (RSI) channel matrix obtained by
self-interference cancellation [24], [25] at UR is denoted by
Hgg € CN*N, which is distributed as CA (0, 02:I ). The
imperfect CSI is assumed for both UL and DL channels, and
the minimum mean squared error (MMSE) channel estimation
process is provided in the next sub-section.

'Pr]{ = [1—}—016_02(’%_01)]71, v = %arcsin(H/di) and
PrIZ-\IL =1- Pr]{, where c¢1 and c2 are parameters related to the communi-
cation environment.

A. Channel Estimation with The Impact of ADCs/DACs

By convention of massive MIMO analysis, we assume
that channel estimation is performed by pilot sounding [20].
During each coherence interval T (in symbols), the M GU
pairs simultaneously transmit their mutually orthogonal pilot
sequences of 7 symbols to UR for the channel estimation.
Thus, the received signals at the receive and transmit antenna
arrays of UR are given by

2M

Y= Zm hsri®+Np=/Pa Hse \/ Ag @+ Ny, (3)
)

2M
Yo=Y Ve iPahrs;¢i+Np=\/PaHrs\/ A ®+N,, 4)
=1

respectively, where Pg is the transmit power of pilot symbols,
Agp € CPM*2M g the power scaling coefficient matrix whose
t1th diagonal element is ag ;, while ® ¢ C2MX7 is the pilot
matrix whose ith row is ¢,, satisfying ®PH = 1,,,. Also,
Ny € CN*T and N p€ CN*7 are the additive white Gaussian
noise (AWGN) matrix including i.i.d. CN (0, 1) elements.

We adopt the additive quantization noise model (AQNM) for
tractable analysis, and the quantized signals at UR’s receive
and transmit antenna arrays can be expressed as

Yo =Q{Yyp} =Y+ Ny, (5)
Y =Q{Yp} =Yy + Ny, (6)

respectively, where a,, = 1 — p, oy = 1 — p represent the low-
resolution distortion factors, and the values of p for different
quantization bits b can be found in [26]. N, € CN*7 and
N € CN*7 are quantization noises with covariance matrix

RN, = a, (1 - a,) diag (Pq,HSRAq,H?R + IN>, Rn, =

a; (1 — ay) diag (P@HRsAq)HES + IN), respectively.

We assumed that UR employs the linear MMSE estimator to
estimate the channel matrices Hgg and Hgs, Then, according
to the orthogonality principle of MMSE criterion, there are

hsri = ﬁSR,i + esgr,i, @)
hgs,i = ﬁRs,i + egs,i, (8)

respectively, where ESR’“ iLRS’i, esr; and egrs; are the ith
columns of the estimated matrices H SR> H rRs, and the es-
timation error matrices Egr, Zgs, respectively, which are
independent of each other.
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The distributions of the above channels are given in Lemma
1, which are necessary for the subsequent analysis.

Lemma 1: The elements of IALSR,Z-, lALRS_’i, esr,; and egs ; are
independent Gaussian random variables with zero mean and
variance 0sR ;, Ors,i» Ssr,; and cgs ;, respectively, which can be
given as

_ PBsr,i (Ksr,i + Vsr ) 0,0 i Py Bsr i

Osr,i = with Wgg ; = ,
Sk 1+ Ksr,;i ST T4 0 i Pa sk i
o (Krs.s + Ugs Pafrs.i
Srs.s :ﬁRS,z( Rrs,i + URs,i) with g ; — oo i Py frs,i ,
1+ Kgs,i 1+ as,:Palrs,i
Bsri + (1 — o )as i Pa 3y ;
S i — )
SR (1+ Ksr,i) (14 as,iPsfsr,i)
Brsi + (1 — ar)as i Pafis,;
RS, =

(14 Kgs,i) (1 + as,iPsfrs,i)’

where Bx; = [Bo (Pry m +Pr}"na)]/d¥, X € {SRRS}.
Proof: Refer to Appendix A.

B. Data Transmission of Double Quantized System

At the uth time instant of the data transmission interval,
all GUs transmit superimposed signal by invoking SC to UR,
and UR broadcasts the signal to all GUs. Thus, the received
signals at UR and the mth GU S, are given by

oM
Yg (u) = Y V/0iPshsr iz (u) + Hrrtr (u) +ng (1), 9)
i=1

respectively, where xz; denotes the transmitted signal for S;
that satisfies E{|z;|*} = 1, Ps is the GUs’ transmit power, o;
is the power allocation coefficient of 5;. To facilitate NOMA
transmission, we assumed that the UAV-to-GU channels satisfy
|hx,1‘2 > VI/X,2|2 > L. > |h/XA,‘2]\~T‘2 (X € {SR,RS}), thus,
we have o > 02> ...> 02m and 01 + 02+ ...+ 000 = 1.
Furthermore, tgr and ng denote the RSI signal and the AWGN
at UR, respectively, g is limited by ]E{iRig }=(P/N) Iy,
where Py is the transmitted power of UR, and nyg consists
of ii.d. CN (0,0%) elements. Additionally, F denotes the
precoder matrix, which will discuss in the next sub-section,
¢ is the processing delay due to the FD transmission of UR,
and n,, is the AWGN of S,,, with n,,, ~CN (0,02,).

After low-resolution ADCs/DACs, the received signals in
(9) and (10) become

oM
yr=Q(yg)= arZ\/QiPShSR,ixi+arHRRiR+arnR +1y,
i=1

Y

oM
Yl =Q(y,,) = OérathgsymF (Z vV 0iPshsr ;i + Hiyrtr
i=1

+ ’I’ZR> + Oéthg&anrq + hgs,mntq + N (12)

respectively, where the time labels are dropped for the
sake of brevity, which are also removed in the sequel.
In addition, m, and mny are the additive ADC and

IEEE Transactions on Vehicular Technology

DAC quantization noise with covariance matrix R,
ar (1 — ay) diag (PSHSRgHglR 4 (Py/N)In + aﬁfN)
and R,

0 £ diag (01, 02, -, 0201)-

We consider that use (m,7) to denote the GU pair S,
and S);, that wish to exchange information with each other,
M4+m, m<M
m — M, otherwise ’ m = L2,...,2M.
Then, using NOMA? and considering imperfect SIC, y#, in
(12) becomes

m—1
Yy = arozthRTs,mF (HRRER +ng + Z V@i Pshsg iz
i=1

ar (1 —ay) (Pr/N), respectively, where

where m =

izyé:m
2M
+ Z V QiPshSR,ﬁ?i) + kom0 Pt 13)
i=r

T T
+ airhgg p F'1ieg + hig g + 1m,

where /@ is the proportion of residual signals caused by
imperfect SIC, and K,, = hgs,thSR_,m — ﬁg&mFﬁSRm
denotes the RSI after S,,, performs imperfect self-interference
cancellation to eliminate its own transmit signal x,,,>.

C. Precoder Design

The MRC/MRT precoder matrix F' using the estimated
channel can be formulated as

oM
™ ~ H PNE ~H
F2ew = eHpsAH gy = EZ (hRS,ihSR,£)7 (14)
i=1

where the block-diagonal matrix is given as A =
[Al,AQ;AQ,Al] with Ay = 0 € (CJWXM, Ay = I, and
¢ is the amplification factor, which is given in (15) at the top
of the next page.

III. PERFORMANCE ANALYSIS

In this section, we derive a closed form approximation of the
sum SE. To gain more useful insights, the asymptotic results
and the power scaling schemes are also discussed.

A. Spectrum Efficiency Analysis

To study the system SE, we first deduce the signal-to-
interference-noise ratio (SINR) for decoding z,; at S,,. The
received signal at S, used to detect its desired signal z,
is given by (16) at the top of this page. From (16), we
can see that the detected signal includes the following seven
components: i) desired signal; ii) detection uncertainty; iii)
inter-pair interference caused by other GU pairs after SIC;

2If the Sy, intends to decode the signal of Sj, correctly, it needs to
successfully and continuously decode the previous signals of / GUs, and
then utilizes SIC to eliminate the interference for all GUs 4, when ¢ < m,
while the signals for all other GUs with ¢ > m will be regarded as noise.

3Bach GU S,, is assumed to be fully aware of the estimated UL/DL
channels and its own signal z,,, and performs self-interference cancellation
before decoding the expected signal . In this paper, we consider that
the self-interference cancellation is imperfect, i.e., there exists RSI, which
is denoted by K, .
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z (15)
1 2 a2 P 2 2 1 2
a2PE HWHsRQE + SR WHll} )+ 0203E{|WIE} +E HWR,%W
F F
'ggn’m = Q4 Q,,;,,PsE {hgs,thSR,'fn} Topy + Qg / Q,,;,,PS (hgsﬂthSR,m —E {hgs,thSR,m}) Ty
desired signal detection uncertainty
m—1 2M
+aray Y /w0 Pshys y Fhsg i + avar > /0iPshgs  Fhsr itti + 000y 0m Pskmam
P Z‘f;hﬂjl RSI at S, (16)

inter-pair interference caused by other GU pairs after SIC

+ arathgs)mFHRRiR + athg&anrq

amplified RSI at UR

quantization noise of ADCs

T T
hgs.mmyq +araihgs  Fnr+ 1,
S—— —_—

AWGN at S,

quantization noise of DACs amplified noise at UR

quantization noise from low-resolution converters

compound noise

iv) RSI at GU; v) amplified RSI at the UR; vi) quantization
noise from low-resolution converters; and vii) compound noise
consisting of amplified noise at the UR and AWGN at GU.
Therefore, the SINR is expressed as

2
a%zfngs‘E {hgs’thSR,mH
+Lo,, .ALs, .+La, .+Ls . +Lg

1n m m,m m,m
where Ly, ., Lo Ly Ls,, . and Lg, . in

(17) corresponds to ii), iii), iv), v), vi) and vii) in (16),
respectively, which can be given as
)

2M T 2
T O‘iafpszi:mﬂ,#m o {lhRS’thSR’i ’

L3my7ﬁ = O‘ga?QmPSE {|K/m|2} 3

m,m = , (17
Vo = - (17)

m,m m, m,m

m,rm 37n,7$1’ m,m

Ly, = a2a?o; PsVar (b . Fhsen )

m,m

2 2 mn
Ly, ., = waga; Ps E im1m O

-1
E { (s o Fhsw.i

o202 P 2
L4m1m: T]\l; R {HhRSmFHRRH },

2 2
st}
2 2 2 T 2 2
= ara;ogE HhRS’mFH + o0,

Based on (17), the sum SE of the system can be given as

L5m,,7h =

o?E {thsyanrq

L G, sm

T—7 &
Rsg = T;log2(1+’ym7m). (18)
The closed-form expression of Rgg in (18) can be obtained
by using random matrix theory, as shown in Theorem 1.
Theorem 1: For an UAV-enabled massive MIMO-NOMA
FD TWR system with imperfect CSI, imperfect SIC, and low-
resolution ADCs/DACsS, the closed approximation form of the
sum SE can be expressed as

m=1

T—r N4QmPS‘5}%s 7,L5§R m
Rp—__" 1 1 > 2 19
SE T Z og2< +A1+A2+A3+A4+A5 » (19)

where
m—1 2M
= 4
Ar=w Zz 1i#m Z QiPSszvmijR,ji — N 0 Ps
Z 2M
. 6RS 77L6SR m * i=1,i#m Zj Q”:PSQ/)RS.mijR Jio

e e 5 ) el

X [N (Osr,m RS, mm + OsR,mURS,mim) + Q§Rs m)s
m—1 2M

A3:N§RS,mPS(wZz Ligm V2 T V2 +ZZ it vs,),

2M 2M

A4 = Jm (QPSZZ: U1; + Q0 + NSPS Z-: QzéRSviagR.%)7
oM oM

As; =N Z Prs.imvs, + N2 (Jom + ks m)z ORS,i U3, »

where @ = N2 Zl 1 0rs 15512 i e = PRO'RR +

O’R, I (Ozt — 1) (6RS m+ N~ CRS m) + oy 2P o2

v, = OSsRg U2, = 0i(6 RS, WSR i + Ors ﬂ/JSR 5

i ( 1 1)6SR,i [NilPRURR + UR + QI,PS§SR,1
Py ZJ 1 ()Jﬂs[éj] and for X € {SRRS}, ¥x,;
E{‘hx,ihx}j‘ }. which is given by

Bx.iBx
(1+ KX’i)(l + Kx ;
+ N (Kx,;¥x,;+Kx,¥x,;+¥x,;¥x ;) } ,

(O} =

H>+v3

Vx,ij = ) [KXJKX,J“P%(,@

(20)

with
sin [25F (sin (6;) — sin (6;))]

P = T [Z (sin (6;) — sin (6;))] 17 @1

when ¢ = j, there is
NB% [Nng—i—(N +1) K x,i+¥x,) Ux]
(1 + KX’Z‘)Q

Proof: Refer to Appendix B.

Remark 1: Theorem 1 reveals the SE performance with
imperfect CSI, imperfect SIC and low-precision ADCs/DACs,
which shows that Rgg is a function with the transmit power of

Vx = . (22)
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GU and UR, the number of UR antennas, the altitude of UR,
the value of Rician-K factor, the channel estimation error, the
SIC level w as well as the ADC/DAC resolution.

Based on Theorem 1, we can obtain the system SE for
some special cases, such as perfect CSI, perfect SIC, full-
precision ADCs/DACs, which are provided in the following
propositions.

Proposition 1: When UR acquires the perfect CSI, the
approximate closed-form expression of the sum SE with
imperfect SIC and low-resolution ADCs/DACs can be given
as

2M 4 2 2
T—71 N%05 PsBrs mBsr.si
RY=="""Nlog,|1+ mISRm ) (23)
w1 2 AP +AP +AP ALY

m=1

where
A(l) - wzz Li#m Z =1 Qipswl(zls)mﬁbéllz)%’ - NVoa Py
2M
1)
X BRs.m PR + Zl fidm ZJ L G Pstes) "LJ,(/JSR i’
Aél) =N (PRURR + ‘71%) (BSRvmq‘/}RS,mm + 55R,m¢Rs,mm) )
Afll) - [(a_l - 1) ﬁRS m T+ O‘t_QP_lO'2 :| {N2 (PRU]Z{R + U}%)
X Z Brs 165]{1 +N? Z Q PSBRS 1BSR z:|’
A = (a7t = 1) {NQ[(OF —-1) ﬂRs m o PPyl ]
2M 1
X Zi:l Bor,iBrs,iz." + NZ ﬂSRJ/JRs im Z( )}

where 251) = NflPRUI%RﬂLGl%JrQiPsﬁsR,q:+Z?i/[1 0 PsBsr,j»
and z/zgfl’)i ; 1s given by

Bx,iBx i [Kx,iKx, ;0% 7N (Kx i+Kx j)+N]

WO = (K ) (K x ) T o
X,ij — N2B2 4+ NB% ;@Kx i+ .
X,'L (H‘KX )2 bl 1= j

Proposition 2: When UR performs the perfect SIC, the
approximate closed-form expression of the sum SE with
imperfect CSI and low-resolution ADCs/DACs can be given

as
N4Q'I?LPS§]%S7TYL6§R,7%
SE = 1+ (2) 3
Ajsic + A+ A5
where Al()s%C = Diwizm 2uj—1 0iPsURS mitsg ;i —

N* 0 PsORs 1n03r.m + (0m Psssr,m + Zfiwm#m 0i PsSsr,i +
PRURR + UR) (Nzg'l) + N2<Rs,m fol 5RS,1'55R7§) +
Ncgrs m(OmPSZm + Zz i ‘2))’ where 252.1) =
stwRS,ii + 5SR,i'¢)Rs7i;’ and Zig 2) = 5Rs7{1/1SR,ii + 5Rs,iws]zji-
Proposition 3: When UR is equipped with full-precision
ADCs/DACs, while imperfect CSI and imperfect SIC are also
considered, the approximate closed-form expression of the
sum SE can be given as

2M
N 0’"P m m
721&%2 <1+ s m g ) 26)

2
Qi,PsZZ(

® 1+ AP+ Al
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where
2M

m—1
AgS) - Zi:l,i;ﬁm Zj:
x ngs’mngR’m+Zji;,i¢ijM& SwRS mJ¢SR i
AP =[N (Msrn Bl + MR Ui ) + N6
y ZZ]VI
+w ZZ Vi QL§SR it Z2M , _i§SR,i)}a

A =wNérs.m SZ it ? +N§RsmPsZ()

+N&rs,mPs Z

=1, iEm

3
kzpszs mjwéR)ﬁ - N4Qr?1PS

TRs, i775R g} [PRO%R +og + Ps (Qvn,&R,m,

7

(3)

where Z = Qi (nRS 7wSR i1 + TIRS, ZwSR “)
o Kx,iBx,HHKx ) os, LP<1>,3x i

X1 - (4K x,i)(Has, i Pefx,i) X € {SR’ RS}’
— X, i . .

§X’i N (1+Kx,i)(1+as,i PeBx,i)’ and ,(/}X ,tJ 1S given

by (27), shown on the top of next page, where

A
I'x;=asiPsfx:/(1+ asiPafx.).

B. Asymptotic Analysis

To further study the effect of system parameters on SE per-
formance, we also derive some asymptotic results according
to Theorem 1, which are shown in the following corollaries.

Corollary 1: When the transmit power of GUs and UR tend
to infinity (i.e., Ps = Pr — o0, denoted as P — 00), the
asymptotic SE under imperfect CSI, imperfect SIC and low-
resolution ADCs/DACs is given as

Z log, (

N 7716 m(s 7
01 ORS m ISR 1 C@8)
I 41l + 113+ 114+ 115

P—)oo

where
oM

m—1
II) =w E E 0i » P
1 ie1 z;ﬁm =1 _ﬂﬁRs meSR,]z

2M
0iYRrs ,mj '(/JSRJ'Z' )

* 6SRm+Zl mz;ﬁmz'=
2M

m—1
HF(WZZ Ligtm Vi JrvlerZZ figtm L +URR>

[N (8sr VRS, mm + OsR,mURS,mmm) + Qks m]

m—1

H3:N§RS,m<wZZ Litm U2, +U2m +Zz m,i#m 21>’

H4=j {Q(Zj?vl +URR)+NZZ 5]{511)3 +N3
2M B
X Z 0;0Rs, i0, SR J )
Il = Nzizl

where s i, Urs,ij» V1, ’Ugi, Q) are the same as those given
in Theorem 1, j = (a; (§R5m + N7 lgrs m) U3, =
( o _1) 5SR1(@155R1+Z] 1QJBSR] +N— URR)
Remark 2: From Corollary 1, the system SE tends to be
constant as the transmit power of GUs and UR increases.
This constant value is limited by the number of ADC/DAC
quantization bits, channel estimation errors, inter-pair inter-
ference between different GU pairs, and RSI at the FD UR.

4 2
N QT;LéRS)m

X

YRS, im U3, + N<rs,mORs,iU3, ),
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Bx,iBx,;j [KX,iKX,]'LP?X@]'+N(KX,jFX,i+KX,iFX,j+FX,iFX,j)] . .
'(/1(3) = (1+Kx,)(1+Kx ;) » AF] (27)
X NB% [NK% ;+(N+1)(2Kx i+Tx )T x ]

(1+Kx,:)?

: i=j

This also shows that the effect of quantization noise on system
SE cannot be completely eliminated by simply increasing the
transmit power of GU and UR. Finally, substituting P — oo
into (23), (25) and (26), we can obtain the results under perfect
CSI, perfect SIC, full-precision ADCs/DACs, respectively.

Corollary 2: When UR is equipped with massive antennas,
the asymptotic SE under imperfect CSI, imperfect SIC and
low-resolution ADCs/DACs is expressed as

RN%oo — T%lo 1+ QﬁlPsal%S,m(;gR,ﬁL (29)
T — 82 IREDYEDIEDWE DI

where
¥ = ( 15RS mOsR.i + N 2Rs.m Z 6RS,i55R,§) [Ps
m—1
X (w Zi:l,i#m vy, U, + Zi:m,iy&m Uli) + ®:| ’
m—1
Yo=N 1gRS,mf)S (w Zi:l,i;ﬁm Qi(;gk,idRSfi + Qm,(ng,m
2M
X ORS i+ Zi:m i Qi(ng,iéks,%)’
oM oM
2 -1
Sy = [ps S odks itk NS 5Rs,i55R,;(Ps
2M _
> o+ O)[ [N (o = 1) srsn + N M),
Yy = (ozr_1 — 1) [(a_ - 1) (5Rs,m + N_1§Rs,m) + SRS, m

2M
+at—2pR—1072n} Zz Ors.i (N3 Paordsr.i+N~20s,),

2M

X

oM .
s = [Ps (Qm5SR m+ Z QgﬂSR,J> +op+ N~ PRURR}

x N— ( -1 1) 5RS m5SRm7

where J,,, = ( — 1) Ors,m+ay P ! 2 , U3, = Osr,i [UR-F
Ps(0:0sr,i + Zj:l 0iBsr.j)]-

Remark 3: Corollary 2 shows that the sum SE grows when
N tends to infinity. This means that the SE loss due to low
quantization can be compensated by employing more antennas
at UR. Moreover, substituting N — oo into Propositions 1-3,
the corresponding asymptotic results can be obtained.

Corollary 3: When the number of quantization bits tends to
infinite, the asymptotic SE under imperfect CSI and imperfect
SIC is same as (26), that is, Riz"> = RS

Remark 4: Corollary 3 der1ves an asymptotic expression
for the system SE when b — oco. This represents that UR is
equipped with full-precision ADCs/DACs, which can be used
as a baseline to measure the degree of impact of quantization
noise on the system performance.

C. Power Scaling Law

To analyze the possible power savings during the data
transmission phase and the interaction between the transmit
power of GUs and UR, we give the power scaling law for

UAV-enabled massive MIMO-NOMA FD TWR system in the
following corollaries.

Corollary 4: When Ps = Es/N® and Pgr = Er/N°®, fixed
FEs, Eg, while 0 < gg,er < 1, as N grows into infinity, the
asymptotic SE under imperfect CSI, imperfect SIC and low-
resolution ADCs/DACs can be derived as

2M 2 2
5 T—r 01 ORs,mOSR, iy
Rse = =3 logy [ 14 ——n8m SR __) (3
SE= T g2< Sty ) OV

o = (NES*ER*lERUI%R—i-NES*l %) Es " 63s.mOsk.mm»
S = a; 2B o2, (Ns" 12 0;0rs,02 ; + Ns+e—2

1_2
XE URZ 5RS¢ SRz)’

_ oM
- 2 211 2 2

Sy = (o' = 1) o N T2 ES By JmURE i_l(SRS,i(SSR,i;

3 —1 —1p—1_2¢2

25 = (O[,, — 1) NES ES O-RCSRS,m(SSR,YAYL'

From Corollary 4, the asymptotic SE can be obtained for
the following four cases:
(i) Case 1: When €5 = g = 1, we have

0 Es ErOgs
Ry = Z log2< ] U5k m) 31)
—2

where ¥ = ERORORs mOskom  + Qi “on,
(Bs °72 030ks 102,

Rijvi‘SRSz SRz) + ( Q. _1) x
2

(at_ o202, S 5Rs,i5SR,i + ER0R5Rs,m5SR,m)-
(i1) Case 2: When 0 < eg < 1, eg = 1, we have

2M 2 2
~ T—71 QmER(SRS mésR "
Réi}:T > log, [1+ e . (32)
m=l ay %02, D2 0:0ks,i0c ;
=1 ’

(iii) Case 3: When 5 = 1, 0 < eg < 1, we have

2M
T — T QT;LE (5 R
@ = - § :logz <1+S SRy 2). (33)

Erodg +arto?

(1V)Case4 When0<6s <1,0<er<lores=c¢eg =0,
we have RSE — 00.

Remark 5: Corollary 4 characterizes the power scaling law
of the considered system with imperfect CSI, imperfect SIC
and low-resolution ADCs/DACs. As N — oo, the results in
Cases 1~3 all converge to deterministic constants, while the
system SE grows unboundedly in Case 4. This indicates that
the SE performance is related to the scaling parameters, cg
and eg: the transmit power of GU and UR can be scaled down
proportionally to 1/N® and 1/N°® (e =1, 0 <eg <1 or
er = 1, 0 < eg < 1), respectively, to maintain the expected
SE.
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TABLE 11
SIMULATION PARAMETERS

Parameters Values

Number of the GU pairs M =3
Altitude of the UAV H =100 m
Position of the UAV u = (0,0, H)
Coordinate range of the GU [la;1] < 150
Reference channel power gain Bo = —30 dB

Environmental parameters c1 =9.61,¢c0 =0.16
Attenuation factors ny, = 1,mnL = 0.7
Path loss exponent k=3

Length of coherence interval T =200

Length of training interval T=2M

Kx;2 K=10dB

U}%R:Oﬁ:a’?:odB
Prix = 30.3 mW
Pﬁ]t = Pﬁ[r = 2.5 mW

Rician factor
Interference and noise
Mixer power
Active filter power
at the transmitter/receiver side

Frequency synthesizer power Payn = 50 mW
Low-noise amplifier power Pina = 20 mW
Intermediate frequency amplifier power Pra =3 mW
Automatic gain control power Prge = 2 mW

Power supply of converter Via =3V
Minimum channel length for CMOS Lpin = 0.5 pA
Corner frequency feor = 1 MHz

Unit current source Ip =10 pA

Parasitic capacitance Cp =1pF

20

z
—
W

—_
(=}

/ %  Proposed, Simulation

[20], Simulation
[26], Simulation
[27], Simulation
—— Analysis
- — — Asymptote
1

Sum Spectrum Efficiency (bps/Hz)

-15 -5 5 15 25 35 45
GU transmit power (dB)

Fig. 2. Sum SE versus Ps varying N for Py = Ps, PR = Ps,b=1.

IV. NUMERICAL RESULTS

In this section, some numerical results are provided to vali-
date the correctness of the proposed system. Unless mentioned
otherwise, the simulation parameters are set as in Table II.
In addition, the fixed power allocation is employed for M
pairs” NOMA GUs, and the power allocation factors are satisfy
0i = LX"H where y = Zfﬁ(?]ﬂ —i+1).

A. Spectrum Efficiency

a. NOMA v.s. OMA, FD v.s. HD

Fig. 2 shows the simulated, analytical and asymptotic sum
SE versus total GU transmit power Ps for FD TWR massive
MIMO-NOMA systems with 1-bit ADCs/DACs, which is
based on the imperfect CSI and imperfect SIC cases. To
facilitate comparison, the results of the OMA-MIMO-FD [21],

IEEE Transactions on Vehicular Technology

OMA-MIMO-HD-TWR [27] and NOMA-MIMO-HD-TWR
[28] schemes are also provided under the same network
setting. Note that the transmit power of each GU (defined
as p;,t = 1,2,...2M) is set to be the same in the OMA
scheme, i.e., p; = Ps/2M. For the proposed scheme, the
three curves for different number of UR antennas are obtained
according to (18), (19) and (29), respectively. As shown in
Fig. 2, in the presence of quantization noise, the proposed
scheme gains superior SE performance compared with the
other three transmission schemes. This proves the performance
advantages of the proposed scheme. In addition, the sum SE
first grows rapidly and then slowly converges to a fixed value
as Ps increases, which is consistent with Corollary 1. The
saturation is caused by the interference among different GU
pairs, the RSI on the FD UAV, the channel estimation errors,
and the ADC/DAC distortion. Meanwhile, the effects of these
interference and distortion components do not attenuate when
the transmit power increases.

b. Perfect SIC v.s. Imperfect SIC

28

)
=
T

[
S
T

—_
[
T

+  Perfect SIC, Simulation
Imperfect SIC, Simulation

—4A— Perfect SIC, Analysis

Imperfect SIC, Analysis

Sum Spectrum Efficiency (bps/Hz)

12

50 100 150 200 250 300

Number of UR Transmit/Receive Antennas N

Fig. 3. Sum SE versus N varying b under both perfect and imperfect SIC
fOI‘Pq;.ZPsZPR:3OdB.

Fig. 3 presents the effect of the number of UR antennas
N on the sum SE for different ADC/DAC resolution bits b
with both perfect and imperfect SIC. For imperfect SIC, we
set w = 0.9. Compared with perfect SIC, there is a certain
SE loss caused by SIC error. An insightful observation is
that quantization error deteriorates the SE performance more
than SIC error when N is large. This is because when the
UR is configured with large-scale antennas in the presence
of low-resolution ADCs/DACs, the quantization noise has a
dominant limiting effect compared with the inter-user inter-
ference caused by imperfect SIC. One can also observe that
the SE of all cases increases significantly from b = 1 to
2. However, the gaps between b = 2 and b — oo becomes
narrow. This indicates that the SE loss caused by quantization
noise decreases as b increases. Furthermore, the limited SE
loss due to the quantization noise can be compensated by
increasing N. For example, in the perfect SIC case, when
using infinite resolution ADCs/DACs, the UR requires about
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Fig. 4. Sum SE versus b varying K for N = 64, Py = Ps = Pr = 30 dB.

150 receive/transmit antennas to attain a sum SE of 21 bps/Hz,
while for 2-bit ADC/DAC resolution, it needs about 200
receive/transmit antennas to reach the same sum SE.

c. Different CSI Cases

Fig. 4 compares the sum SE versus various ADC/DAC
resolution levels for three CSI cases: (i) perfect CSI, (ii)
imperfect CSI, and (iii) estimated CSI without considering
the impact of quantization noise. Noted that the “Asy” curves
mean the asymptotic results when b — oo, and the curves with
K = —20 dB represent the results under Rayleigh channel
[17], [18]. As expected, the Rayleigh fading has smaller SE
value, because the larger the value of K, the stronger the
LoS component. We observe that all the curves converge to
fixed values as b increases, and the performance comparable
to full-precision ADCs/DACs can be achieved when b is
almost 5. Meanwhile, the SE performance is much worse when
b =1 or 2 compared to the coarse quantization bits, because
low quantization bits result in a significant reduction in the
accuracy of the channel estimation.

d. Impact of ADC/DAC Distortion (four cases of power scaling
law)

To further explore the effects of ADC/DAC distortions under
different parameter conditions, we provide Figs. 5-7.

Fig. 5 shows the sum SE versus the height of the UAV for
different quantization bits. It can observe that the sum SE first
increases and then decreases with the increase of UAV height
H, which implies that there exists an optimal operating altitude
to enhance SE performance. The reason is that as H grows,
the performance improvement from LoS link transmission is
more dominant than the path-loss due to increased distance.
However, when H continues to increase beyond the optimal
operating altitude, the SE performance is limited mainly by the
increase of distance. Another observation is that the optimal
operating altitude of the UAV varies at different quantization
levels, as shown by the coordinate points labeled in Fig. 5.
Moreover, the sum SE deteriorates as the ADC/DAC resolution
reduces. This can be improved by properly adjusting the height

9

10 ; 7 ;
{[—m—b=1, N=64
|—e—b=2, N=64

9 |—a— =1, N=128]
‘ b=2, N=128

Sum Spectrum Efficiency (bps/Hz)

30 45 60 75 90 105 120 135 150 165 180
Height of the UAV H (m)

Fig. 5. Sum SE versus H varying b and N for M =2, Py = Ps = PR =
30 dB.
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. ; ; ; ; ;
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Fig. 6.  Sum SE versus K varying b for M = 3, N = 64,Pp = Ps =
Pr =30 dB.

of the UAV. For instance, the sum SE of 2-bit system is about
5.52 bps/Hz at H = 135 m, N = 64, and the same SE
performance can be achieved through reducing the height by
about 30 m when b = 1.

Fig. 6 illustrates that the sum SE at any ADC/DAC resolu-
tion can be significantly improved when the value of Rician
K -factor increases. The “Asymptote” is obtained as K — oc.
This suggests that the sum SE approaches a constant when
the channel has only LoS components. Also, the gap between
b = 1 and b = 2 is obviously larger than that between
b =2 and b = 3, and these gaps tend to a fixed value as
K increases. Moreover, the 3-bit system can achieve a SE of
about 13.11 bps/Hz at K = 5 dB, and when b = 2, the system
can realize the same SE performance by increasing the Rician
factor to 10 dB. This demonstrates that the SE loss due to low-
resolution ADCs/DACs can be improved by increasing K.

Fig. 7 shows the power scaling law for four cases in Corol-
lary 4, which revealed that the use of massive antennas at UR
can result in significant power savings. Particularly, for case 1,
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17
18 Fig. 7. Sum SE versus N varying b for M = 4, Py = 20 dB, Ps =
19 Eg/N*®s with Eg = 20 dB, and Pr = Er/N°®R with Er = 25 dB.
20
21 . . .
2 i.e., €s = er = 1, the results are given for different ADC/DAC
23 resolution levels. We can observe that the curves for b = 1 and
24 b = 2 (or 3) still tend to different values. This indicates that
25 the effect of low-resolution ADCs/DACs cannot be completely
26 eliminated, but the SE loss can be effectively compensated by
57 increasing IN. The required number of UR antennas is related
28 to the ADC/DAC resolution levels. For instance, compared to
29 b = 3, the 1-bit system needs approximately fourfold antennas
30 to achieve a sum SE of 9.55 bps/Hz, while the 2-bit system
31 requires only about 40 additional antennas.
32
33 B. Energy Efficiency
34 The EE of the wireless communication systems can be

defined as
e = (34)
37 tot
38 where Rgg represents the sum SE, B refers to the transmission
39 bandwidth assumed to be 20 MHz [22], and P, is the total
40 power consumption of the UR RF chains for signal processing.
41 Combining [29] (Eq. (72)) and [30] (Eq. (9)), like [22] (Eq.
42 (32)), Pt can be expressed as
43 Ptol =N (Pmix + Pﬁlt) + 2Ijsyn
44
45 + N (Pina + Puix + Pea + Prrr) (35)
46 + N [(ca + ep) Page + Papc + Poac),
47 where the expressions for Papc, Ppac are referred to [31]:
48
SW%Lmin (2B + fcor)
gg Papc = 10—0-1525b+4.838 ° (36)
1

; Porc = 5Vaalo (2 — 1) +0Cy 2B+ foor) Vig: ~ 37)
53 where the definitions and simulation values of all parameters
54 are shown in Table II. In addition, ca/cp denotes the flag
55 related to quantization bits of low-resolution ADCs/DACsS,
56 : . A 0, b=1
- which can be given as cy =cp =c = 1L ob>1
58 In Fig. 8, we plot the curves of EE with resolution level,
59 and investigate the effect of different number of UR transmit
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Fig. 8. EE versus ADC/DAC resolution quantization bits varying N for
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Fig. 9. EE versus IV varying b for P = Ps = Pr = 30 dB.

(receive) antennas on EE. It can be seen that the EE curves
rise initially and then decrease as the resolution increases. In
addition, more UR antennas result in lower EE. This is due to
the power consumption of the UR RF chains used for signal
processing increases linearly with N, while the sum SE has
a logarithmic scale for N. Fig. 9 further explores the system
parameters for achieving the best EE. The fact can be found
that the 1, 2, 3-bit system can achieve its optimal EE when
the UR is configured with about 40, 30 and 30 antennas.
Fig. 10 demonstrates the trade-off between EE and SE in the
presence of low-resolution ADCs/DACs for different number
of the UR transmit (receive) antennas N, Rician K -factor,
and quantization bits b. For each case, the excellent sum SE
value is displayed at the rightmost point, while the best EE
value is given at the topmost point. Thus, the best EE/SE
trade-off is achieved roughly at the top rightmost point, and
a slight sacrifice of SE is required to obtain a higher EE
value. Specifically, both the sum SE and EE increase when
b =1 to 2 (or 3). However, with a further increase of the
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Fig. 10. Trade-off between EE and SE with low-resolution ADCs/DACs for
Py = Ps = Pr = 30 dB.

ADC/DAC resolution, the EE decreases rapidly, while the sum
SE gradually remains at a constant value. The reason is that
the sum SE is a sub-linear increasing function of b, while the
power consumption of the ADCs/DACs grows exponentially
with increasing b. Furthermore, the optimal quantization bits
influenced by both the number of UR antennas and the Rician
K-factor. It is clear from Fig. 10 that the sum SE improves
and the EE deteriorates as N increases. This is consistent
with the findings in Figs. 4 and 8, where increasing the UR
antenna number results in a higher SE gain than the EE gain.
As expected, the envelope of the EE/SE region grows as
K increases, which is due to larger K values can achieve
higher SE as shown in Fig. 6. That is, the system with low-
resolution ADC/DAC architecture has a larger operating region
when operating in Rician fading channels with stronger LoS
component.

V. CONCLUSION

We considered an UAV-enabled massive MIMO NOMA FD
TWR system with multiple GU pairs, where the UAV employs
low-precision ADCs/DACs antennas. Using MRC/MRT pre-
coder and AQNM model, we derived the closed-form expres-
sions of sum SE and total EE for imperfect CSI and imperfect
SIC conditions. The impact of key system parameters on the
SE performance was studied based on asymptotic analysis.
The power scaling law was also characterized. We showed
that the SE loss due to quantization noise can be effectively
compensated by adjusting the UAV altitude and increasing the
number of antennas. In addition, we confirmed that as the
number of quantization bits increases, the sum SE increases
until saturation is reached, while the EE initially increases
and then deteriorates, and illustrate the optimal number of
quantization bits and antennas needed to maximize EE. The
SE/EE trade-off region grows with increasing Rician factor.
As a result, UAV-enabled massive MIMO NOMA FD TWR
systems can achieve considerable performance while saving
energy by employing the low-resolution ADC/DAC architec-
ture. Moreover, the utilization of low-precision ADCs/DACs
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is mainly used to reduce the energy consumption of multi-
antenna UAV-assisted massive MIMO systems by changing
the hardware configuration, and user scheduling and resource
allocation as well as UAV flight trajectory optimization can
also be considered to maximize the EE, which will be set
aside in our future work.

APPENDIX A
PROOF OF LEMMA 1

We here only provide the derivation of H sr and Egg, since
H rs and Egg can be deduced in the same fashion.

We first remove the known deterministic LoS components
in (5), and obtain

- - PaHsp/Ap®
er = a e R ki +04rNrp +qu7 (38)
(Qsr + Tonr)

where Hgg = [fLSR,ljlsmz, ---,ﬁSR,zM], hsr.i = Bsr.iGsR i»
S [1, QM], and QSR = diag (KSR,la KSR_VQ, - ;KSR,QM)-

(Qsr + Ionr)~

= O/ Pq:.i)H

Accordmg to the standard MMSE estimation, the estimated
Hy sr can be expressed as [18]

Denote <i>rp = 1‘I>, and from (38), we obtain

AYHg +a, NI+ NI (39)

~ ~ ~ ~ H ~ -1 _.H
HSR,est. =E {HSRYI'P} (E {erYrP}) er- (40)
Recalling  that Ry, = ar(1—a,) X
diag (P<I>HSRA<1>H§{R + IN>, and defining 7 = 2M,
Dgr = diag (Bsr,1, Osr,2; - - - » Osr,20r ), We have
~ H ~ ~ H ~ ~ ~ H
E{Hg Yy} = E{ o, (v/PoHg HsxVAe®y + Hg Ny
~H -
+ HSRqu)} — Noy/Ag Py Dspdyy,
(41)
E {YEY } - E{aﬁPq,i)E\/AI;IEI?RFISR\/A@@I)

+aZNBNy + NN} (42)
= Na,As Ps Dsg + NaIapy.
Then, substituting (39), (41) and (42) into (40), we have

~ D H - Dg®, N1 Dyd, NI
Hgo = HgDop + —n 0% | ZSRTR 11 (g3
’ VAsPs oV As Ps

where Dsg = o, (Iaar + Ailpilbsilzl)il

Based on (43), the estimated channel Hggr can be given as

Hy=H H 44
sR=Hsry\| 75——=—~ QSR+12M +Hsrest\ | o7 QSR+12M (44)

where HSR = hSR 1, hSR PIRD
€ [1,2M].
Flnally, the channel estimation error matrix is given by
._.SR = HSR — Hgg. Since hSR i» esr,; are the ith columns of
HSR and Esg, the variance of elements of hSR is» €SR,i Can be

obtained by calculating E{| [HSR] - E{ [HSR] m}| } and
.—IE{[_.SR} }| } respectlvely As a result, this

E{|[Ese],,

completes the proof of Lemma 1.

hsr o], hsri = Bsw, igSR,is
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oNOYTULT B WN =

29

E { HWHSRQUQHE} —E {Tr (WﬁSRgfIERWH) b +E{Tx (WESRQEERWH) }

2M 2M (45)

Voo —=— N? Zl 0;0Rs 15SR +N? Zj Ors,jOsR ; Z 0iSsR,i-
E { HWHRR|\12;} =E {Tf (WHRRHII;RWH>} . — Nogp ZQM Ors,i0gg ;- (46)
E {|\W||§} —E {Tr (WWH)} 2, N* Zii Srs.i0sg ;- @7)

2 . M
E{HWR;/(? ’F} 2 ap (1 — o) N? ZZ Ors,i0sR,i <Q7PS§SR1+N PRURR+UR+Z QJP555R3> (48)

N—o00

a.s. PR

2M ’
|:N3PS Z 0:0rs.40 SR .+ N2 Z L Ors 05k ; (Ps Zi:l oiSsr:i + Progg + Ul%):| (49)

2M

+ar(1_a'r)N2Z.
i=

N—o00

ORs,i0OsR,i (QzPS5SRz +PSZ Q;ﬁsk,g + N~ PRURR+UR>

A B | L = 22 g W
PPENDIX E HFhSR,i =e’E {TI‘ (WhSR,ihSR iW ) }
PROOF OF THEOREM 1 ’ (54
2
A. Derivation of € = Ne (5Rs,%1/’SRJi + 5RSJ¢SR,€¢>?
We  calculate  the  terms E{HWH sroY 2H§ ,
2
E{IwHwl?}, E{IW[}} and E {HWRL(? b EB{IEP =R (W) NeY T s e 5 (59
The expressions are given at the top of this page, and taking
the derived results into (15), we obtain ¢, as shown in (49). T 2
Since Var(hRS thSR,m) - {’hRS thSR,m‘ } -
2

B. Derivation of Ym,m ’IE {hRS mF hsr m}‘ combining (50) and (51), we can cal-

To obtain Theorem 1, we need to calculate (17). Firstly,

. culate Ly, .. According to (51), we can get Lo ..
there is 9
~ T - Furthermore, E ‘h mEhsr m — h Fh m’ } =
E{hgs m Fhsr i } =E{hgs n Fhsr i } +E {egs n Fesrm } . RS, SR, Rsm = TSR,
:N2525Rs,m(5$R,m~ (50) gSR,m]E{ h’RS,mFH }+§RS,mE{HFhSR,m }+§SR,m§RS,mX
Next, for any ¢, we have E { |F H2 , substituting (53), (54) and (55), we obtain L3, . .

2} Moreover, {HhRSmFHRRH } = URRE{HhRSmFH }

2 T {HhRSmFH b= {HhRSmFH }+E{IFes,|}. sub-
} + CSR’iE{HhRS’mFH } D stituting (53) and (55), we obtain Ly and L
2
} and

E { ’hgsthSRﬂ'

~T “
—E { s o Fhise.

m,m 6ot

+ Srs,mE {HFﬁSR,z‘

T
where E{ Hh’RS,mntq

2 . . .
}+§Rs,m§5R,iE{||F||2}~ Finally, we derive L5, ., ie., E{th&anrq

2
}, which are given by

~T N 2 9 ~T R 2
E ‘hRS’thSR,i — 2F ’hRS)mWhSR,i , = )
oM (52) E { ths,anrq } = EQE { HhRS,mWT"rq } (56)
2
=€ . Q/JRS,m iU 3o
2y Vromi¥ing + 2us mE { [Wrg|I*},
N 2 N o
IE{ . FH } = %R {Tr (hg&mWWHhRS’m)} - 2
~T L
= Ne2(Ssrm RS mm + OSRmURS.min); where IE{ HhRS,mWnrqH } is given by (57) at the top of next
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~T
IE{HhRS’mWnrq

13

2 2M AT ax AH Hi AT A%
’ = E i:IE{Tr (hRs,mhRs,z‘hSR,inranqth,ihRs,ihRs,m)}

~T ~ % ~H Hip ~T Ak
=E {TI‘ (hRS,mhRS,mh’SR,mnl'anthR,mhRS,mh’RS,m) }

3 B (s s s e s s )
i=1,itm RS,m"*RS,7"*SR,2"“rq"*rq"“*SR 2" “RS,2" *RS,m

2M

=a.(1-a,) sz‘:l ¢Rs,im5SR,%

(57)

oM
(NIPRUI%R + 0k + Ps ijl 0iPsr,; + Q;PS‘SSRj) :

page. E {||WnrqH2} can be obtained in the same way.

E { th&m"lq

f = ([t} + ekl

= oy (1 — o) Pr (Ors,m + N7 Grs,m) - (58)

As aresult, Theorem 1 is concluded with the derived results.
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