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ABSTRACT A rapid change of channels in high-speed mobile communications will lead to difficulties
in channel estimation and tracking but can also provide Doppler diversity. In this paper, the performance
of a multiple-input multiple-output system with pilot-assisted repetition coding and spatial multiplexing is
studied. With minimum mean square error (MMSE) channel estimation, an equivalent channel model and the
corresponding system model are presented. Based on random matrix theory, asymptotic expressions of the
normalized achievable sum rate of the linear receivers, such as the maximal ratio combining (MRC) receiver,
MMSE receiver and MRC-like receiver, are derived. In addition, according to the symbol error rate of the
MRC-like receiver, the maximum normalized Doppler diversity order and the minimum coding gain loss
can be achieved when the repetition number and signal-to-noise ratio tend to infinity, and the corresponding
conditions are derived. Based on the theoretical results, the impacts of different system configurations and
channel parameters on the system performance are demonstrated.

INDEX TERMS Doppler diversity, MIMO, deterministic equivalent, high-mobility wireless communication

system.

I. INTRODUCTION

With the popularization of high-speed data services,
the demand for high-performance wireless communication
on high-speed trains (HSTs) is also increasing. However, as a
typical application of 4G/5G, the wireless data throughput on
an HST is still a short board in cellular communication sys-
tems [ 1]—-[3]. For high-mobility communications, the Doppler
spread will far exceed the value considered in the design of
traditional mid- and low-speed communication systems. Fast
changing small-scale fading and a short coherence time will
make it difficult to accurately estimate and track channel
parameters with pilot signals. An increase in the channel
estimation error can, in turn, result in a degradation in the
system performance.

Diversity technology is commonly used antifading tech-
nology in wireless mobile communications [2]. Since the
probability that statistically independent channels experience
deep fading at the same time is extremely low, the same
signal can be transmitted over different channels to achieve
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diversity gain. In a high-mobility scenario, considering the
fast change of the channel and adding redundancy across
different time slots, such as with repetition coding, Doppler
diversity can be exploited; therefore, the system performance
can be improved. In [4], joint multipath-Doppler diversity
with perfect channel state information (CSI) was proposed,
and the validity of the Doppler diversity was proven. In high-
mobility scenarios, the channel estimation error will not be
negligible. For a fast fading channel with a short coherence
time, the channel estimation performance could be worse,
while higher Doppler diversity could be exploited [5]. In [6],
the performance of Doppler diversity in the case of imperfect
channel estimation was studied, and the trade-off between the
channel estimation error and Doppler diversity was derived.
In [7], the results were further extended to single-input
multiple-output systems.

Currently, research on Doppler diversity is mainly focused
on a single transmit antenna system. Multiple-input multiple-
output (MIMO) technology could fully utilize the spatial
resources and then increase the spectral efficiency with-
out additional transmission power. MIMO technology has
become a key technology of many wireless communication
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standards. By using large-scale antenna arrays at the base
station, which is also known as a massive MIMO system,
the performance could be further improved [8]-[10]. In [11],
a channel model for a millimeter-wave massive MIMO sys-
tem was presented, and the simulation results showed that
the spatial-domain resources could be exploited with massive
antennas. Currently, massive MIMO techniques have been
adopted by the 5SG NR standard. In [12] and [13], channel
estimation techniques for massive MIMO systems with high
mobility were studied. Reference [14] studied how to over-
come the Doppler effect with a massive MIMO system in
high-mobility scenarios. In [15], the combination of a mas-
sive MIMO system and general orthogonal precoding was
proposed to utilize full diversity in doubly selective channels.
Other coding methods, such as the Alamouti code, can also
be combined with repetition code to get more performance
gains. The application of Doppler diversity technology in an
MIMO system could improve the throughput and reliability
of high-mobility wireless communications. However, in the
case of imperfect CSI, the performance of an MIMO system
using Doppler diversity has not been studied.

In this paper, we investigate the performance of
high-mobility MIMO communications with Doppler diver-
sity under imperfect CSI. For the convenience of anal-
ysis, we adopt simple repetition coding. To improve the
spectral efficiency, we consider spatial multiplexing with
repetition coding. The major contributions of this paper
include:

1) For an MIMO system with pilot-assisted repetition
coding and spatial multiplexing, an equivalent channel
model of the MIMO time-varying channel with imper-
fect channel estimation is established. The model can
be regarded as a more general form of [6], [7].

2) For maximum ratio combining (MRC) and MRC-like
linear receivers, an asymptotic expression of the SINR
of the system under Doppler diversity is derived. The
deterministic equivalent of the normalization rate for
the minimum mean squared error (MMSE) receiver
is presented. The results show that the method can
obtain a good approximation of the normalization rate
even when the antenna size is small and the number of
repetitions is small.

3) The performance of the Doppler diversity, including the
diversity order and minimum coding gain loss for an
MRC-like receiver, is derived. An explicit relationship
between the Doppler diversity gain, coding gain loss
and system parameters is revealed.

The rest of this paper is organized as follows: Section II
provides the signal model, channel model, channel esti-
mation and equivalent model of an MIMO system using
pilot-assisted repetition coding. Section III studies the cor-
responding SINR performance of three different receivers in
the presence of imperfect CSI. Section I'V derives the Doppler
diversity order and coding gain loss of an MRC-like receiver
based on the average symbol error rate (SER). Section V
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FIGURE 1. Pilot-assisted MIMO system with repetition coding (Ny = 2).

presents the numerical results, and Section VI draws the
conclusion of the paper.

The symbols used in this paper are described below. Bold
lowercase letters and bold uppercase letters represent vectors
and matrices, respectively. I, denotes the unit matrix with
dimensions of M x M. | - | represents the absolute value
of a scalar. [-]T and [-]H represent vector or matrix trans-
poses and conjugate transposes, respectively. R™*" and C"*"
represent the set of m x n-dimensional real and complex
matrices, respectively. E[-] and cov [-] represent mathemat-
ical expectation and covariance, respectively. Tr[-] is the
trace of a matrix. diag (x) represents a diagonal matrix with
x as the main diagonal value. CN(0, ) denotes a circu-
lar symmetric complex Gaussian (CSCG) distribution with
zero mean and variance o2, > denotes almost sure (a.s.)
convergence.

Il. SYSTEM MODEL

A. SYSTEM DESCRIPTION

Consider an MIMO wireless communications system with Nt
transmit antennas and NR receive antennas. Assume that the
terminal is moving at high speed, and the maximum Doppler
spread is fp. At the transmitter, the modulated symbols are
converted from series to parallel to produce multiple data
blocks and are then mapped to different transmit antennas.
To obtain the CSI, pilot signals are inserted between duplicate
data blocks. To avoid interference between the antennas,
different transmit antennas use orthogonal pilots. For conve-
nience, each transmit antenna transmits the pilot signals at
different slots.

As shown in Fig.1, the pilot and data symbols are repeat-
edly transmitted N times in a frame. Let p; denote the i-th pilot
symbol and s; x denote the k-th data symbol transmitted by
the 7-th transmit antenna. The time interval between adjacent
pilot slots is Tp = (N1 + K)T, where T is the symbol interval
time of the channel. The energies allocated to each pilot sym-
bol and data symbol are Ep and Ec, respectively. According
to proposition 2 in [16], as long as the pilot interval satisfies
(NT+K)T < 0.5/fp , an accurate channel estimation can
be obtained.

B. CHANNEL MODEL

Let h; ,(n) denote the n-th discrete-time channel coeffi-
cient between the 7-th transmit antenna and the r-th receive
antenna. The channels between different antenna pairs are
assumed to be independent, experience wide-sense-stationary
uncorrelated scattering (WSSUS) and undergo Rayleigh fad-
ing, from [7]

E [y mhby, )]=0, ri#mnorn#n, (1)
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where A -(n) is a symmetric complex Gaussian process with
zero mean; according to [7],

E [ )by, )] = Jo @ufolm —niT), (@)

where Jy (») is the zeroth-order Bessel function of the first
kind. Here, it is assumed that fp is known, and the estimation
of fp is described in [17].

C. PILOT SIGNAL MODEL

Denote the timing indices of the n-th pilot symbol from the

t-th transmit antenna in a transmission frame as:
iin=t+m—1)Nr+K), n=1,--- N.

According to [7], the pilot symbols received by the r-
th receive antenna from the #-th transmit antenna can be
expressed as:

Yp.i.r = VEpXphp;r +2p 1 rs 3)

where
Ypir = [)’r (it,l) Vr (iz,N)]T € CNXI,
Xp =diag([pr - pn]) eV,
hP,t,r = [ht,r (it,l) hzyr (l},N)]T (S CNXI,

. . T N x1

zpr = [2r (in1) z (inn)] e M,
are the received pilot signal vector, transmitted pilot matrix,
channel vector and additive white Gaussian noise (AWGN)
vector, respectively. It is assumed that the noise vector is

a zero-mean CSCG random vector with covariance matrix
o 21 N-

D. MMSE CHANNEL ESTIMATION

The timing indices of the k-th data symbol from the 7-th
transmit antenna in a transmission frame can be expressed
as:

ky=Nr+k+mn—-1)Nr+K), n=1,---,N.

Then, the vector of all channel coefficients corresponding to
the k-th data symbol between the 7-th transmit antenna and
the r-th receive antenna is

Rk = [her (ki) her G)]"

With the received N slot pilot signals and the known chan-
nel statistics and according to the principle of the MMSE,
the channel estimation of A, , x can be expressed as [6],

i = VEoRp X5 (EXoRoXE +0°Iv) yp,. (4)
where
Rp =E ke, hE, ] € RYN,
is a Toeplitz matrix, and its first column is given by
on =Jo Crfp |n| Tp) .

rep = [po ov-1]"s
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Rp is not related to ¢ and r. Because of the symmetry, the first
column is the same as the first row. In (4),

Rp,t,k=E [ht,r,khgzyr:l S RNXN,

is also a Toeplitz matrix. Because the zeroth-order Bessel
function of the first kind Jy (x) is even when x is real, the first
column and the first row can be written as

[to -1 tont1] s [To T TN-1],

where
Tau=JoQ@rT [Nr+k—t—nNt+K)],

is not related to r. When orthogonal pilot sequences are used,
that is, XpX F = Iy, by using the following matrix inversion
equation,

-1 “1p) a1
CD(A—{—BCD):(C +DC B) DA™,

(4) can be rewritten as

A —1
hiri= JE:RP,t,k (EPRP + Ule) ngp,,’,. &)
Define the channel estimation error as
ilt,r,k = ht,r,k - i’t,r,k~

Then, according to the MMSE estimation principle,
the covariamce~ matrices for the estimated channel vector h;  x
and the error h; ,  can be expressed as [18]

. 1 -1
R = Rp,t,k<Rp - %1N> RS, . (6)

- 1 -1
Ri =Ry —Rp (RP + %IN> RSt,k, @)

respectively, where yp = Ep/o? is the pilot signal-to-
noise ratio and Ry = E [k, , xh!'_,]. According to the frame
structure and the properties of the Bessel function, Ry = Rp.

E. EQUIVALENT SYSTEM MODEL

In this subsection, we establish a signal model for the
pilot-assisted repetition precoding MIMO system in the pres-
ence of imperfect CSI. Let

T T 4T
Y=g Inpad

denote the collection of N slot received signals for all of the
receive antennas corresponding to the k-th data vector s¢. y;
can be expressed as

Yk =V EcH Sk + 2k, (8)

where the channel matrix H is denoted as:
Hy = [H {k
Hr,k = [hl,r,k

T
H%R,k] ’
hy r i hy:ri] -

According to the definition of the channel estimation error,
the channel matrix can be expressed as

H,=H; +H,. )
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Then, (8) can be rewritten as

yi = VEcH sk + &, (10)
where

2 = VEcH sk + zx.
Define

Nt 1
~ A ~
Re=Ing® Y Rip+—In).
p ye
where yc = Ec/o? . With (7), we have
cov (%, %) = EcRx. (11)

Moreover, the covariance matrix of the #-th column of H can
be expressed as

cov (iz,’k, il;’k) =1 ® kt,lo (12)

IIl. CAPACITY ANALYSIS OF MRC, MMSE AND MRC-LIKE
RECEIVERS

Next, we study the spectral efficiency of the system repre-
sented in formula (10) with different receivers. We first study
the MRC receiver and present its asymptotic rate analysis.
Then, the deterministic equivalent for the SINR of the MMSE
receiver is studied. Finally, the asymptotic rate of MRC-like
receivers is analyzed.

A. ASYMPTOTIC ACHIEVABLE SUM RATE OF MRC
DETECTION

When the system uses the MRC receiver, the detection of
the k-th data symbol from the ¢-th transmit antenna can be
expressed as
H AL
SvrC.ik = Echy jhygsik +Ec Y by ghisik
I=1,1%t

~H

+vEch, ;zk. (13)

Therefore, the corresponding SINR can be expressed as [19]

~H ~ |2
iy |

YMRC.1.k = T , (14)

~ ~H -\~
hy i (H[l]»kH[t],k + Rk) hy i

where H [].k i the result of H x removing the 7-th column.
Theorem 1: For the MRC receiver, when NN — 00,
there is

a.s. -
YMRC,t,k —> YMRC,t,k> (15)

where yyrc.ik IS given at the bottom of next page and
ve = Ec/o? is the data signal-to-noise ratio.
Proof: See Appendix A. ]
Since repetition coding requires multiple time slots to
transmit the same data block, we define the normalized
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achievable sum rate as follows to better reflect the spectral

efficiency of the system:
S
Rvre i = ;logz (14 ymrC.1.k)- (17)
From Remark 5 of [20], by the control convergence theorem,
the following equation is satisfied:
13
— a.s.

Ryvrex — > log, (1+ pvrc.ik) = 0, (18)
=1

when NNr — oo. According to this asymptotic result,

we can obtain an approximate expression of the normalized
sum rate of MRC.

B. ASYMPTOTIC ACHIEVABLE SUM RATE OF MMSE
DETECTION
In this section, we analyze the SINR of the MMSE receiver
in the presence of imperfect CSI and present a method to
calculate the normalized achievable sum rate of the system
based on the deterministic equivalent.

When linear MMSE detection is used, the output SINR
of the k-th symbol from the 7-th transmit antenna can be
expressed as [21]

~H / ~ ~H ~ \— 1A
stk = gy (BB + Re) ho (19)

Let

=

Nt -
. . 1 .
hig = [Ing ® (E R« + —bv) h; i,
=1 ve

H; = [R1 ilNT,k]-

Then, we have
CH [~ CH -1,
YMMSE, r k=h, ; (H[z],kH[,],k + INNR) hik.
H [1],k 1 a submatrix of H « that removes column ¢. Note that

cov (ilt’k, i’t,k)
= INR
1 1
Nt | 2 Nr o | 2
® Riy+—Iy| R:ii R+ —Iy

According to Theorem 3.4 of [22], when NNg — oo:

1 5.
—— YMMSE.f k — mB.Q.ik- (20)

NNR
Define
A . H
Bt,k = H[t],kH[[],k,

a . .
Qz,k = cov (ht,k, hz,k) ,

Tr [Qt,k(Bt,k +INNR)_1] .

A
mp.Q.tk =
¢ NNg
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According to Theorem 1 of [20]:

mB’th’k E) m%’th’k. (21)
In (21),
1
My ook = oo 1T (@ xTrk) (22)
0 sl NNR 5 ’
Nr @, -1
Iz,
To=| Y +—t +Inng | . (23)
=11z T CLLK
D) = cov (iil,k, ill,k) , (24

where [ in (24) is not equal to ¢ and ¢; ; x is the only solution
to the following equation:

erik=Tr (®1,4T1 k) - (25)

The matrix T;; can be obtained by iterative calcula-
tions using (23)(25). The specific algorithm is presented in
Appendix B. Then, the deterministic equivalent of yMMSE, ¢,k
can be obtained without knowing the exact value of fzt‘k.
With (20)-(22), we can obtain the asymptotic value of the nor-
malized achievable sum rate of the MMSE receiver according
to the control convergence theorem [20], that is,
] &
Ruwise = - Zlog2 (1+Tr(QxTex)) <5 0. (26)
t=1
C. ASYMPTOTIC ACHIEVABLE SUM RATE OF THE
MRC-LIKE RECEIVER
To further improve the performance of the MRC receiver,
we also consider an MRC-like receiver. To detect the k-th
data symbol from the 7-th transmit antenna, we first perform
whitening of the interference-plus-noise with the statistics of
the CSI before the MRC receiver. Rewrite (10) as

Ye = VEch: kst x + %, 27
where
Nt
Zo=vEc Y higsix+i
I=1,15t

The operation for performing whitening of the interference-
plus-noise is denoted as

Y = Rw 1 kYis (28)
where
Nt
A A
Rw k= |Ing ® | Ec Z Ry, i
l]:l,l];ét
1
Nt 2
+Ec Y Ry +0’ly
=1

The signal model is then rewritten as:

Fi = VEH Sk + k. (29)
where H k= Rw, klfI k- Then, the estimated data symbols are
given by

SMRC-like,r.k = \/l?cilz},lkik- (30)
The SINR of the MRC-like receiver can be expressed as (31),
Wi

YMRC-like,t .k = “H _ “H ~ T H _ -
h;,k (H[t],kH[t]’k + RW,l,kRkRW’,’k> ht,k

€1y

Similar to the MRC receiver (see Appendix A), by using
Theorems 3.4 and 3.7 of [22], we have

a.s. -
YMRC-like,r,k — YMRC-like,?,k > (32)

where

YMRC-like, 1,k
1

= NRTr <<kz,k) ?
A
1

Nt Nt 1 1
. - . \3
X E Rll,k+ZR12,k +—Iy (Rt,k> . (33)
h=1I# =1 re
1 shl 2

Define
L
RvrCutike k = 5 > log; (1+ yvrCiikesk).  (34)

=1

Additionally, by the control convergence theorem,

Nt
1 _ 5.
RMRC-like k — N ;bgz (1 + PMRC-tike,1.k) —> 0. (35)

We will show in the simulations that when N is large, the per-
formance of the MRC-like receiver will approach that of the
MMSE receiver.

IV. DOPPLER DIVERSITY ORDER AND CODING GAIN
LOSS OF THE MRC-LIKE RECEIVER

In this section, we first obtain the average SER expression
when the system uses the MRC-like receiver. Then, based
on the SER expression, we study the maximum Doppler
diversity order and the minimum coding gain loss that can
be achieved in this case.

N Tr2 (ﬁ,’k>

PMRC, 1,k =
YM Ny

h=1,l1 #t

31578

« A “ Nt | ’
> Tr (Rll,th,k) +Tr (Rt,k ( > Ry + VI—CIN>>

(16)

h=1

VOLUME 8, 2020



X. Hou et al.: Performance of High-Mobility MIMO Communications With Doppler Diversity

IEEE Access

A. AVERAGE SER OF MRC-LIKE DETECTION

For the convenience of analysis, we assume that the specific
CSI corresponding to other transmit antennas is unknown
when estimating the data symbols from the ¢-th antenna and
that SMRC-like,r.k Obeys a Gaussian distribution with s; ; and
I_t,,k as conditions. The conditional mean and conditional
variance of the decision variable can be given by

_H —_
Ui sk = ECh; kR kst ks

2 _ il
O—S'U_I,S,I,k = ECh;,kht,lo

Theorem 2: Under the above conditions, the average sym-
bol error rate of the system is

_ 1 [© C N
Perk = —/ [det (IN + — AZ/I A,,k)] do, (36)
T Jo sin“f

where O=m—x /M,Cy = sin? (w /M), and

1

Nt Nr |

Ae =R | > Ryx+) Rys+—Iv]| . G
Lh=1,01#t h=1 ye

Proof: See Appendix C. ]

B. DOPPLER DIVERSITY ORDER OF MRC-LIKE DETECTION

Based on Jensen’s inequality and tl_le fact that sinZ@ < 1,
the upper and lower bounds of log (Pe.;,x) can be obtained.

nu = logv — Nrlog[det(Iy + CpA; 1)), (38)

Nr [T C
= logy — —% / log[det(y + —2-A, )1d0, (39)
v Jo %

sin’
where v = 1 — 1/M. The proof is similar to Lemma 1 in [6].
From Lemma 2 of [23], when NNg — oo:

A =5 URDUY. (40)

Uy is an N-dimensional unitary discrete Fourier transform
matrix, and D is a diagonal matrix with

D)n.n
=|Nr—-1

-1

—1
( App? (22t )
N .y i n—1 1 ’
e App Q2 i) + S App Q2 M) + o
App(£2)

2rect(L)
= AnfpTe —T<Q <.

Jonfor? -2

It can be found that p is not related to t and k, and the average
SER at this time is P,. Define the energy required to transmit
a coded data symbol as

Ey = (1/K) Ep + Ec,

VOLUME 8, 2020

and the corresponding SNR as yp = Ep/o 2. Define
Y k(vo) = det v + cAr k),

where c is a constant. Let

8 =21fpTe, = Nryc+ e, v =b(c),

where b and & are constants. According to Appendix D of [6],
it can be inferred that:

log (Wr.x (Y0))
m —_—
N—o0 N
8log (28) — 26
T
51og 230 4yl — 82
T ' 2

VA =82 52
———— arctan — |- 41
b4 4yt — 82

Consider the definition of the normalized Doppler diversity
order in [6]:

)
= — log (4ypycc) —
T

log (P.)

D=—- lim —————.
r—o0 NTplog (yo)
N—o00

(42)

(38) and (39) are substituted into (42) to calculate the upper
and lower bounds of the order of the Doppler diversity Dy
and Dy. Let ¢ be Cy in the upper bound and Cy/sin’0 in
the lower bound, and combine the results with formulas (40)
and (41). As in [7], we obtain

N log (W: x (v0))

DU = DL = — lim
rn—o  NTplog (yo)
N—o00
2fpNré, & <1

] (43)

2f DN R %_- ) é > 1.
Then, D can be obtained by the clamping theorem. Observ-
ing (43), we know that when & = 1, the maximum normalized
Doppler order is reached, and the maximum value is 2fpNr.

C. CODING GAIN LOSS IN MRC-LIKE DETECTION

In this subsection, the coding gain loss caused by imperfect
CSI in MRC-like detection is derived, and the corresponding
energy allocation scheme of minimum coding gain loss is
obtained. As seen from [7], the coding gain in logarithmic
form is:

logC — — 1im [ 12(Pe) +lo (44)
EE =7 \ N T B
N—o0

Let £ = 1, combine (38) and (39) and simplify to obtain the
lower and upper bounds in the presence of imperfect CSI:

Kb
log C1. = log2Cy + 1o _— | +1
gL = oSt g<<K+b)<NT+b>)
—log 254, (45)
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log Cy = log CL, — 2log (sinf)d6. (46)

l v
2fpTpmv /0
In the case of perfect CSI, channel estimation is not required,
Yo = Ye,

-1
_ n—1
(D)n,n = (NT -1+ Appl(zﬂ T)) s
corresponding to

tog (], ()
lim ———~
N—oo N

8 5log2s —§
= Zlog Qeyc)— —=——".  (47)
T T

The upper and lower bounds in the presence of perfect CSI
are:

log C] = log (2Cpy) +1 — log 28, (48)
l v
log C{; =1 C’——/ 21 inf)do. (49
ogly ogly 2oTorv Jo og (sinH) (49)
According to the definition of [7],

TLoss(dB) = 10log;Cy;-10log,Cu
= 1010g10C£—1010g10CL

K + b) (Nt + b
= 10log,, [*]

The contents in the brackets are Nt /b+b/K + (Nt + K) /K.
It can be seen from the definition that all values are greater
than 0. When Nt/b = b/K, that is, b = /N1K, the min-
imum value of (50) is achieved and the minimum value
is 20log (1 + /N1/K )dB. Combining the above results,
the maximum normalized Doppler diversity order is deter-
mined by the maximum Doppler spread fp and the number
of receive antennas Nr. The minimum coding gain loss is
determined by the number of transmit antennas Nt and the
number of data symbols in a block K.

(50)

V. NUMERICAL RESULTS

In this section, numerical results are illustrated to investigate
the performance of the MIMO system with Doppler diversity.
Unless otherwise stated, the system transmission rate is 10°
Sym/s, the system operates at 1.9 GHz, Nt = 4, Nk = 8§,
K = 16, N=15, and the modulation type is 4PSK. The pilot
SNR yp and data SNR y are both 10 dB.

A. PERFORMANCE OF THE REPETITION CODE IN
HIGH-SPEED SCENARIOS

To study the performance of the repetition code, we compare
the SER curves of the repetition code and the well-known
Alamouti space-time code in the presence of perfect CSI.
Both the transmitter and receiver ends use two antennas.
It can be seen from Fig.2 that when the Doppler spread is
small, the SER of the Alamouti code is lower than that of
the repetition code with N = 2. However, when the number
of repetition times increases to 4, the SER of the repetition
coding decreases significantly and is better than that of the
Alamouti code. When the Doppler spread becomes larger,
the SER of the Alamouti code becomes worse because of the
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FIGURE 2. SER performance of the repetition code in the presence of
perfect CSI.
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FIGURE 3. Normalized achievable sum rates as functions of N.

destruction of spatial orthogonality, while the SER of the rep-
etition coding improves because it can obtain higher Doppler
diversity. It can also be found from Fig.2 that for a higher
repetition time, more performance gain can be obtained from
ahigher Doppler spread. Actually, the repetition code can also
be combined with the Alamouti code to exploit both Doppler
diversity and spatial diversity.

B. ASYMPTOTIC ANALYSIS RESULTS OF THE NORMALIZED
ACHIEVABLE SUM RATES

Without loss of generality, we analyze the ergodic normalized
achievable sum rates and corresponding asymptotic anal-
ysis results of the three detection algorithms for different
repetition times N. The Doppler spread is set to 200 Hz,
corresponding to a speed of 113.6 km/h. The number of
receive antennas is Ng = 4. It can be seen from Fig.3
that the MMSE receiver has the best performance. As N
increases, the normalized sum rate of each receiver decreases.
This result means that the spectral efficiency of the system
will decrease with an increase in the number of repetitions.
By comparing the achievable sum rates of the three receivers,
it is found that the performance gap narrows gradually with
an increase in the repetition time. On the other hand, it can
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FIGURE 4. Normalized achievable sum rates as functions of the SNR at
low speed.

also be seen that the ergodic results are in good agreement
with the corresponding analytical asymptotic results, which
proves the correctness of the derivations in Section III.

C. INFLUENCE OF THE PARAMETERS ON THE
NORMALIZED ACHIEVABLE SUM RATES

In this subsection, the influence of various parameters on
the spectral efficiency in the presence of imperfect CSI is
analyzed based on the numerical results.

Fig.4 shows the change in the normalized sum rates with
the SNR at low mobile speed. Since the correctness of the
analytical results is verified above, the analytical results are
directly used here for the calculation. The Doppler spread
of the system is 200 Hz. The analytical results of the three
receivers with different SNRs when Nt = 4 and Nt = 8 are
calculated. Selecting the number of receive antennas as Nr =
8 ensures the normal operation of the space multiplexing
receiver. As can be seen from the figure, when each transmit
antenna transmits different code words, the system can obtain
greater spatial multiplexing gain and a higher achievable
sum rate when the number of transmit antennas increases.
By comparing the three receivers, we can also find that the
normalized sum rate of the MMSE receiver increases with an
increase in the pilot and data symbol SNR for any Nt, while
the achievable rate of the MRC receiver hardly changes when
the SNR increases to a certain extent; this result is due to
the poor ability of the MRC receiver to suppress interference,
and the interference will limit the performance of the system
when N NR is limited and fixed. Considering the interference
from other antennas, the sum rate of the MRC-like receiver
can keep increasing with an increase in the SNR, and the
performance is between the performances of the other two
receivers.

To study the system at high speed, we keep the other
parameters unchanged in Fig.5 and increase the Doppler
spread to 1000 Hz to obtain the achievable sum rates of the
three receivers in high-mobility scenarios. As can be seen
from the figure, since the pilot interval still satisfies the
requirement of (Nt + K)7T < 0.5/fp , the system can still
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FIGURE 6. Normalized achievable sum rates as functions of fp.

operate normally. Similar to the low speed case, the achiev-
able rates of the three receivers increase with the number of
transmit antennas. Moreover, similar to the low speed case,
the achievable sum rates of the three receivers increase with
the number of transmit antennas, the performance of the
MMSE receiver steadily increases with an increase in the
SNR, the performance of the MRC receiver is limited by the
interference, and the performance of the MRC-like receiver is
between the performances of the other two receivers. By com-
paring Fig.4 and Fig.5, we find that MIMO systems with
repetition coding can achieve a higher rate in high-mobility
scenarios, because at the same sampling rate, the correlation
of the channel information corresponding to the repetitive
coded data is weakened.

To obtain a more intuitive understanding of the influ-
ence of different fp on the normalized achievable sum rate,
we calculate the normalized achievable sum rates for different
Jfb, as shown in Fig.6. The figure shows that in the system
described in this paper, an increase in fp can significantly
improve the performance of the MRC receiver and MRC-like
receiver but has little effect on the performance of the MMSE
receiver.

In Fig.7, we calculate the analytical results of the three
receivers corresponding to different values of k and N in the
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FIGURE 8. Normalized achievable sum rates as functions of Ny at high
speed.

high-mobility scene. From the figure, we can see that under
the simulation environment that is set up, when the other
conditions are fixed, the normalized achievable sum rates for
different values of k are basically the same.

In Fig.8, we calculate the normalized achievable sum rates
of the three algorithms at high speed. To ensure normal
operation of the system, we set the symbol transmission rate
to 3 x 10° Sym/s and let NNg = 100. As can be seen from
the figure, more spatial degrees of freedom from the increased
number of transmit antennas will help to improve the overall
performance of the system.

Fig.9 studies the normalized achievable sum rates at high
speed and for large Nr. In this case, with an increase in
the number of receive antennas, the system obtains more
spatial degrees of freedom, and the system performance is
improved. When the other conditions are fixed, the per-
formance gap between the different algorithms is basically
fixed.

In Fig.10, the normalized achievable sum rates at high
speed are studied as a function of N, and NR is set to 20.
The figure shows that the normalized achievable sum rates of
different algorithms converge in the process of increasing N,
which means that the performance gap of the three algorithms
tends to disappear when N tends to infinity.
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FIGURE 11. SER of the MRC-like receiver as functions of N.

D. ASYMPTOTIC ANALYSIS RESULTS IN SECTION IV
In this subsection, numerical results based on the analysis in
section IV are illustrated.

The average SER of the MRC-like receiver is calculated
in Fig.11 by the Monte Carlo method and the analysis
result (36). Set Nk = 4. The analytical results match the
simulation results well. In addition, as N increases, the SER
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FIGURE 13. SER of the MRC-like receiver as functions of b.

decreases steadily, and the speed of the decrease at high speed
is faster, because the Doppler order that can be obtained at
high speed is higher.

Fig.12 shows the case where the SER changes with yy at
high speed when N is finite. Set Ng = 4 and b = /N7K . The
decreasing speed of the SER curve decreases with an increase
in Yo but increases with an increase in N. The simulation
results for different £ show that better performance can be
achieved with & = 1, which is consistent with the conclusion
achieved for the case when N tends to infinity.

Fig.13 shows the SER as a function of b at high speed in
the case of a finite N. Set Nx = 4 and & = 1. Since there
is no need to consider the pilot and data energy allocation in
the presence of perfect CSI conditions, the SER performance
is fixed, so the best performance in the presence of imper-
fect CSI corresponds to the minimum performance loss. The
figure shows that when N is finite, the system has the best
performance when b = /NTK, which is also consistent with
the conclusion for the case when N tends to infinity.

VI. CONCLUSION

In this paper, the performance of an MIMO system using rep-
etition coding to achieve Doppler diversity in high-mobility
scenarios is analyzed. Based on the characteristics of MMSE
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channel estimation, the equivalent system model is derived,
and asymptotic expressions of the normalized achievable sum
rates for MRC, MMSE and MRC-like receivers are obtained.
Then, the expression of the average SER of the MRC-like
receiver is derived, and the maximum normalized Doppler
diversity order, the minimum coding gain loss and the cor-
responding conditions are obtained.

The effects of different system parameters on the system
performance are studied. Increasing the number of trans-
mit and receive antennas can provide more spatial degrees
of freedom, and the system performance will be improved.
In a high-mobility MIMO system using repetition coding,
the MMSE receiver has a higher normalized achievable sum
rate than the other two receivers when N is finite. The
gap between the different receivers tends to disappear when
N tends to infinity. When the Doppler spread increases,
the average SER of the MRC-like receiver will decrease. The
larger the Doppler spread, the faster the average SER curve
decreases with N, due to the higher Doppler diversity order.

APPENDIXES

APPENDIX A

PROOFS OF THEOREM 1

Considering the numerator and denominator part of (14),

. ZXH A
we rewrite b, jh; i as
~H ~
ht,kht,k

1 -~ \H" . 1 -
= NNr| —=Fh (I ®R )(—h >
R(\/IV—IVR t,k) Nr tk \/N_]VR t.k
The elements in the vector N;NRE,;( are independently and
identically distributed, the mean value is O and the variance

is N;NR. From Theorem 3.4 of [22], when NNr — 00,

1 .
ol (INR ®R,,k)> .

Considering the characteristics of the Kronecker product with
the identity matrix, the expression can be simplified to

~H A~ .S,
hy e =5 NNR (

~H ~ ~
By gy g &5 NRTr (Rt,k) . (51)
For the denominator, we first rewrite the expression as

~H /-~ ~H ~ \ A
e (B By o+ Re ) o

1~ \d N
h (1 ®R )
N t,k) Nr 1k

1
~ ~H - “ 5
X (H[thH[t],k +Rk) (INR ®Rt,k)2 <

= NNR<

1 -~
h .
‘NNw Ne t,k)
By Theorem 3.4 of [22], when NNR — oo, the denominator
part is

~

“H /A~ ~H 5
hy i (H[t],kH[z],k + Rk) hy k
1

.S, D 2 ? i R
g Tr((INR ®Rt,k>2 (H[[],kH[t],k +Rk>
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From the circular property of the trace of the matrix, the above
formula is equal to

~ ~ ~H ~ -
Tr (T © Ros ) By i) + T (T @ R ) Re)

Use the cyclic properties of the trace on the first term, and by
the definition of the trace, the first term is

~H A A
Tr (H[t],k (INR ® Rr,k) H[z],k)
Nt

~H ~ ~
= Z hy, (INR®Rz,k)hz.,k,
h=1,l1#t

and can be further rewritten as

H 1
hll,k) (INR ® Rl.,k) ’

1

X<INR ®ﬁt,k> (INR ®I}11,k)2

When NNgr — o0, this term will tend to

> (o
NNR <
L=1,11#1 NNr

1 —_
——h .
(wv—zvR “”‘)

Nt

Z (INR ® ﬁll,k> (INR ® ﬁz,k)-

=111 #t

Considering the characteristics of the Kronecker product with
a unit matrix, the denominator is

ililk (il[t],kﬁg],k +Rk) ilt,k
s Nt R Nr 1
=5 NRTr | D RiwRy xRk | Y Ripx+ —Iy
L=1.0 1 1 ye
(52)

By substituting (51) and (52) into (14), (16), as shown at the
bottom of page 5, can be achieved.

APPENDIX B
CALCULATION IN DETERMINISTIC EQUIVALENT
Algorithm 1 Algorithm to Achieve T x

Input: Correlation matrix of the equivalent channel corre-
sponding to the /-th transmit antenna ®; ; x; Index of the
transmit antenna currently being calculated ¢#; Number of
transmit antennas Nt; Number of receive antennas Ng;
Number of repetitions N; Computation accuracy A;

Output: Matrix T'; x;

Initialize ¢;; x =0,/ =1,--- ,Nrand [ # t;

Lete; sk’ =eisk,l=1,--- ,Nrandl #1;

Calculate T, ; by (23);

Calculate e; sk, = 1,--- , Ny and [ # t by (25);

Calculate the difference between the result of the cur-

rent iteration and that of the previous iteration A’ =
Nt 2
/
> |€l,t,k — €Ltk | s
I=1,1#t
6: if A’ < A, return T x; otherwise, go to 2;

b
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APPENDIX C

PROOF OF THEOREM 2

Following Appendix C of [6], in the polar coordinate system,
the conditional probability density function of the decision
variable can be expressed as

p (”, Vst k, i’t,k) = +

§lh,s,t,k

exp | — . (53)

2_
Slh,s,t,k

The conditional error probability can be calculated as follows:

P (E|St,k» ’_lt,k)

=% [0 B
2/ f p (’”’ Vs ks ht,k) drdyr
0 Rk (¥)

1 =M ~H ~
= ;/0 exp I:_ht’k (ECR%,t,kRWJJ) hy i

2 (T
sin~ (%%

x # do, (54)
sin“ (0)

where
sin (& _H -
i () =2 ) (s

sin (Y + 7%)
Under MPSK modulation, the constellation points are sym-
metrical, and the probability of each symbol is the same. The

conditional error probability averaged over the transmitted
symbols is

- 1 - -
P(Elkei) =523 P (Elsik k) =P (Elsii i) . (59)

sk ES

Considering that the term ﬁ:isz (ECR\P{,’t’ka,t,k)lAzt,k is
the quadratic form of the zero-mean complex Gaussian ran-
dom vector fzt, r with Iy ®ﬁ,, ¢ as its covariance, the moment
generating function of g is

Wp () = E ()

= [det (1 NNg —M<I N ®R,,k) (ECR@,r,kRW“‘))] K
(56)

where  is a dummy variable and the unconditioned average
SER P x =E [P (E|h,,k)] calculated using (54), (55), (56),
and (36) can be obtained.

REFERENCES

[1] B. Ai, K. Guan, M. Rupp, T. Kurner, X. Cheng, X.-F. Yin, Q. Wang,
G.-Y. Ma, Y. Li, L. Xiong, and J.-W. Ding, “Future railway services-
oriented mobile communications network,” IEEE Commun. Mag., vol. 53,
no. 10, pp. 78-85, Oct. 2015.

[2] J. Wu and P. Fan, “A survey on high mobility wireless communica-
tions: Challenges, opportunities and solutions,” IEEE Access, vol. 4,
pp. 450476, 2016.

[3] J.Zhao, Y. Liu, Y. Gong, C. Wang, and L. Fan, ““A dual-link soft handover
scheme for C/U plane split network in high-speed railway,” IEEE Access,
vol. 6, pp. 12473-12482, 2018.

[4] A. M. Sayeed and B. Aazhang, “Joint multipath-Doppler diversity in
mobile wireless communications,” IEEE Trans. Commun., vol. 47, no. 1,
pp. 123-132, Jan. 1999.

VOLUME 8, 2020



X. Hou et al.: Performance of High-Mobility MIMO Communications With Doppler Diversity

IEEE Access

[5]

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

M. Baissas and A. M. Sayeed, “Channel estimation errors versus Doppler
diversity in fast fading channels,” in Proc. Conf. Signals, Syst. Comput.,
2000, pp. 970-974.

W. Zhou, J. Wu, and P. Fan, “High mobility wireless communications
with Doppler diversity: Fundamental performance limits,” IEEE Trans.
Wireless Commun., vol. 14, no. 12, pp. 6981-6992, Dec. 2015.

M. A. Mahamadu, J. Wu, Z. Ma, W. Zhou, Y. Tang, and P. Fan, “Funda-
mental tradeoff between Doppler diversity and channel estimation errors
in SIMO high mobility communication systems,” IEEE Access, vol. 6,
pp. 2186721878, 2018.

T. L. Marzetta, “Noncooperative cellular wireless with unlimited numbers
of base station antennas,” IEEE Trans. Wireless Commun., vol. 9, no. 11,
pp. 3590-3600, Nov. 2010.

J. Zhao, S. Ni, Y. Gong, and Q. Zhang, “Pilot contamination reduction
in TDD-based massive MIMO systems,” IET Commun., vol. 13, no. 10,
pp. 1425-1432, Jun. 2019.

D. Wang, Y. Zhang, H. Wei, X. You, X. Gao, and J. Wang, “An overview
of transmission theory and techniques of large-scale antenna systems for
5G wireless communications,” Sci. China Inf. Sci., vol. 59, no. 8, 2016,
Art. no. 081301.

B. Ai, K. Guan, R. He, J. Li, G. Li, D. He, Z. Zhong, and K. M. S. Hugq,
“On indoor millimeter wave massive MIMO channels: Measurement and
simulation,” IEEE J. Sel. Areas Commun., vol. 35, no. 7, pp. 1678-1690,
Jul. 2017.

L. You, X. Gao, X.-G. Xia, N. Ma, and Y. Peng, “Pilot reuse for massive
MIMO transmission over spatially correlated Rayleigh fading channels,”
IEEE Trans. Wireless Commun., vol. 14, no. 6, pp. 3352-3366, Jun. 2015.
L. You, X. Gao, A. L. Swindlehurst, and W. Zhong, ““Channel acquisition
for massive MIMO-OFDM with adjustable phase shift pilots,” IEEE Trans.
Signal Process., vol. 64, no. 6, pp. 1461-1476, Mar. 2016.

L. You, X. Gao, G. Y. Li, X.-G. Xia, and N. Ma, “BDMA for millimeter-
wave/terahertz massive MIMO transmission with per-beam synchroniza-
tion,” IEEE J. Sel. Areas Commun., vol. 35, no. 7, pp. 1550-1563,
Jul. 2017.

T. Zemen, D. Loschenbrand, M. Hofer, C. Pacher, and B. Rainer, “Orthog-
onally precoded massive MIMO for high mobility scenarios,” IEEE
Access, vol. 7, pp. 132979-132990, 2019.

N. Sun and J. Wu, “Maximizing spectral efficiency for high mobility
systems with imperfect channel state information,” IEEE Trans. Wireless
Commun., vol. 13, no. 3, pp. 1462-1470, Mar. 2014.

J. Hua, L. Meng, X. Xu, D. Wang, and X. You, “Novel scheme for
joint estimation of SNR, Doppler, and carrier frequency offset in double-
selective wireless channels,” IEEE Trans. Veh. Technol., vol. 58, no. 3,
pp. 1204-1217, Mar. 2009.

M. Wang and D. Wang, “Sum-rate of multi-user MIMO systems with
multi-cell pilot contamination in correlated Rayleigh fading channel,”
Entropy, vol. 21, no. 6, p. 573, 2019. [Online]. Available: https://www.
mdpi.com/1099-4300/21/6/573

J. Cao, D. Wang, L. I. Jiamin, Q. Sun, and H. U. Ying, “Uplink spectral
efficiency analysis of multi-cell multi-user massive MIMO over correlated
Ricean channel,” Sci. China, Inf. Sci.), vol. 61, no. 8, pp. 195-208, 2018.
S. Wagner, R. Couillet, M. Debbah, and D. T. M. Slock, “Large system
analysis of linear precoding in correlated MISO broadcast channels under
limited feedback,” IEEE Trans. Inf. Theory, vol. 58, no. 7, pp. 4509—4537,
Jul. 2012.

J. Cao, J. Li, X. Duan, X. You, and D. Wang, “Uplink symbol error
rate analysis of multicell multiuser-multiple-input—multiple-output sys-
tems with minimum mean square error receiver under pilot contamina-
tion,” IET Commun., vol. 10, no. 9, pp. 1121-1129, Jun. 2016.

VOLUME 8, 2020

(22]

(23]

R. Couillet and M. Debbah, Random Matrix Methods for Wireless Com-
munications. Cambridge, U.K.: Cambridge Univ. Press, Oct. 2011.

H. Gazzah, P. A. Regalia, and J.-P. Delmas, “Asymptotic eigenvalue distri-
bution of block Toeplitz matrices and application to blind SIMO channel
identification,” IEEE Trans. Inf. Theory, vol. 47, no. 3, pp. 1243-1251,
Mar. 2001.

XIAOYUN HOU received the B.S. and M.S.
degrees from the Nanjing University of Posts
and Telecommunications, in 1999 and 2002,
respectively, and the Ph.D. degree from Shang-
hai Jiao Tong University, in 2005. She joined the
Nanjing University of Posts and Telecommuni-
cations, China, in 2005, where she has been an
Associate Professor, since 2009. She was a Vis-
iting Scholar with the University of California at
Davis, CA, USA, from 2012 to 2013. Her current

research interest includes signal processing techniques in high mobility
MIMO communications.

JIE LING received the B.S. degree from the
Nanjing University of Posts and Telecommunica-
tions, in 2017, where he is currently pursuing the
M.S. degree. His current research interest includes
signal processing techniques in high mobility
MIMO communications.

DONGMING WANG received the B.S. degree
from the Chongging University of Posts and
Telecommunications, in 1999, the M.S. degree
from the Nanjing University of Posts and Telecom-
munications, in 2002, and the Ph.D. degree from
Southeast University, in 2006. He joined the
National Mobile Communications Research Labo-
ratory, Southeast University, China, in 2006, where
he is currently a Professor. His current research
interests include channel estimation, distributed

antenna systems, and large-scale MIMO systems. He serves as an Associate
Editor for the Science China Information Sciences.

31585



	INTRODUCTION
	SYSTEM MODEL
	SYSTEM DESCRIPTION
	CHANNEL MODEL
	PILOT SIGNAL MODEL
	MMSE CHANNEL ESTIMATION
	EQUIVALENT SYSTEM MODEL

	CAPACITY ANALYSIS OF MRC, MMSE AND MRC-LIKE RECEIVERS
	ASYMPTOTIC ACHIEVABLE SUM RATE OF MRC DETECTION
	ASYMPTOTIC ACHIEVABLE SUM RATE OF MMSE DETECTION
	ASYMPTOTIC ACHIEVABLE SUM RATE OF THE MRC-LIKE RECEIVER

	DOPPLER DIVERSITY ORDER AND CODING GAIN LOSS OF THE MRC-LIKE RECEIVER
	AVERAGE SER OF MRC-LIKE DETECTION
	DOPPLER DIVERSITY ORDER OF MRC-LIKE DETECTION
	CODING GAIN LOSS IN MRC-LIKE DETECTION

	NUMERICAL RESULTS
	PERFORMANCE OF THE REPETITION CODE IN HIGH-SPEED SCENARIOS
	ASYMPTOTIC ANALYSIS RESULTS OF THE NORMALIZED ACHIEVABLE SUM RATES
	INFLUENCE OF THE PARAMETERS ON THE NORMALIZED ACHIEVABLE SUM RATES
	ASYMPTOTIC ANALYSIS RESULTS IN SECTION IV

	CONCLUSION
	PROOFS OF THEOREM 1
	CALCULATION IN DETERMINISTIC EQUIVALENT
	PROOF OF THEOREM 2
	REFERENCES
	Biographies
	XIAOYUN HOU
	JIE LING
	DONGMING WANG




