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Abstract—This paper studies the fundamental tradeoff between
maximum Doppler diversity and channel estimation errors of
single-input multiple-output (SIMO) high mobility communica-
tion systems. In high mobility systems, channel estimation errors
are usually inevitable due to severe Doppler effects caused by
fast time-varying fading, and this might have significant adverse
impacts on system performance. On the other hand, Doppler
effect provides potential Doppler diversity which can be exploited
to improve system system performance.. It aims to quantify the
fundamental tradeoff between Doppler diversity and channel
estimation errors in high mobility systems. The fast time-varying
fading in SIMO high mobility systems is tracked with pilot-
assisted minimum mean squared error(MMSE) channel estima-
tion with the aid the simple repetition codes at the transmitter.
In high mobility systems, the accurate estimation and tracking of
the fast time-varying channel are vital to fast and reliable wireless
communications. However, in high mobility systems, these tasks
are challenging thus channel estimation errors are inevitable and
might have significant adverse impact on system performance
when the Doppler spread is high. On the other hand , Doppler
effect induced by temporal fading variation provides potential
Doppler diversity which can be exploited to improve system
system performance, The tradeoff relationship between Doppler
diversity and channel estimation errors is studied by deriving
the exact analytical asymptotic expressions of two performance
metrics:maximum Doppler diversity order per unit time with
imperfect channel state information (CSI) and lost in signal-to-
noise ration (SNR) due to channel estimation errors through
asymptotic analysis. It is discovered that, due to the fact that,
channel estimation for each channel at the pilot symbols locations
in SIMO high mobility are independent, the asymptotic mean
squared error (MSE) of the estimation of the channel coefficient
at the pilot symbols locations in the SIMO high mobility system
is the same as that of singe-input single-output (SISO) system.
Based on the studies of the statistical properties of channel
estimation errors a new optimum diversity receiver for SIMO
high mobility employing Doppler diversity is proposed. Using the
analytical results, an optimum allocation of transmission energy
between pilot symbols and data symbols is done to simultaneously
maximize Doppler diversity order and minimize the loss in
SNR thereby achieving the optimum tradeoff between the two
metrics. The results reveal the fundamental performance limits
of Doppler diversity SIMO mobility systems operating in the
presence imperfect CSI.The results can serve as a guide in the
design of practical SIMO high mobility systems.
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I. INTRODUCTION

W ITH the surging in demand for wireless applications on

high speed trains and aircrafts, high mobility wireless

communications has attracted considerable increasing atten-

tion in the past recent years. Fast time-varying fading which

induces Doppler spread in the received signal is one of the

principal performance inhibiting factors for reliable wireless

communications in the high speed environment. Fast fading

variation in the time domain or a large Doppler spread in

the frequency domain can adversely impact on system perfor-

mance. However, if appropriately handled, fast time-varying

fading can be employed to benefit system performance; since

Doppler effect induced by temporal fading variation provides

potential doppler diversity which can be explored to improve

systems performance.

A body of works exploring Doppler diversity present in fast-

time-varying fading channels to combat the detrimental effects

of multipath fading for reliable wireless communications are

discussed in [1]–[7] In [1], a joint time-frequency RAKE

receiver is proposed based on canonical time-frequency de-

composition of the mobile channel into a series of independent

fading channels to explore multipath-Doppler diversity. A

Doppler domain multiplexing (DDM) communication struc-

ture and a linear precoder are designed in [2] and [3] to explore

maximum Doppler diversity. The works in [1]–[3] assume that

channel state information (CSI) is present in the receiver and

hence didn’t consider how imperfect CSI impacts on system

performance in high mobility systems.

In [4]–[6]. the designs of high mobility systems in the

presence of imperfect CSI using Doppler diversity gain to

achieve reliable wireless communication is discussed. In [4], it

is discovered that, high mobility systems a proposed Doppler

diversity receiver, in the presence of imperfect CSI can achieve

maximum Doppler at the expense of low spectral efficiency.

An energy and spectral efficient Doppler diversity receiver is

proposed in [5]. which achieves a balanced tradeoff between

energy and spectral efficiencies. The fundamental performance

limits of high mobility wireless communications with Doppler

diversity in the presence of imperfect CSI is studied in [6]

and an optimum allocation of transmission energy between
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pilot symbols and data symbols scheme is proposed to simul-

taneously maximize Doppler diversity order and minimize the

loss in signal-to-noise ratio (SNR)to reveal the fundamental

performance limits of high mobility systems with Doppler

diversity. A single-input single-output (SISO) is employed in

the works of [4]–[6].

A single-input multiple-output (SIMO) with identically and

independently distributed (i.i.d.) Rician fading channels is

discussed in [7] and it is shown that, the conventional maximal

ratio combining (MRC) receiver is no longer optimism in the

presence of imperfect CSI hence new diversity receivers are

designed by utilizing the statistics of the channel estimation

errors. The results of [7] are not applicable to studies in the

high mobility environment because quasi-static channels are

employed in the study.

In this paper, the ideas generated in [6] are extended to

the context of multiple-input multiple-output (MIMO) high

mobility wireless communications systems focusing on single-

input multiple output (SIMO) high mobility wireless com-

munications systems by developing a new SIMO Doppler

diversity receiver in the presence of imperfect CSI. Our work

is motivated by the fact that, MIMO channels are know to

provide a number of advantages such as spectral efficiency,

substantial increase in capacity and an improvement in the

reliability of wireless communications through space diversity

over SISO channels in a rich multipath environment. We there-

fore intend to take advantage of the space diversity inherent

in MIMO channels in a rich multipath environment to further

enhance the reliability of the SIMO wireless communications

structure.

As in [6], we investigate the maximum Doppler diversity

order achievable by a high mobility communications system

employing a SIMO pilot-assisted transmission (called SIMO

high mobility system in this paper) operating in the presence

of imperfect CSI and the minimum performance gap between

such a system with imperfect and one with perfect CSI. These

investigations will not only quantitatively identify the tradeoff

between Doppler diversity and channel estimation errors at

various Doppler spreads but also show the fundamental per-

formance limits of SIMO high mobility systems with Doppler

diversity.

The fast time-varying channels are estimated and tracked

through pilot-assisted minimum mean squared error (MMSE)

estimation. A new optimum diversity receiver for SIMO

high mobility employing Doppler diversity transmissions is

proposed through the studies of the statistical properties of

the channel estimation errors. An exact error probability

expression for the proposed optimum diversity receiver which

quantifies the effects of both Doppler diversity and channel

estimation error is derived. The asymptotic expressions of two

performance metrics: maximum Doppler diversity order per

unit time with imperfect CSI and the loss in signal-to-noise

ratio due to channel estimation errors are then derived using

the analytical error probability expression through asymptotic

analysis.

It is discovered that, the asymptotic MSE of the estimation

of the channel coefficients at the pilot symbols locations in

the SIMO high mobility is the same as that of the SISO

s1 . . . sK p1 s1 . . . sK p2 . . . s1 . . . sK pN

Nsym

Fig. 1. The slot structure after precoding and insertion of pilots.

high mobility system. This is attributed to the fact that, the

channel estimation for each channel at the pilot symbols

locations are independent in the SIMO high mobility system.

It is also discovered through theoretical analysis that, both

Doppler diversity order and loss in SNR are increasing func-

tions in maximum Doppler spread and number of diversity

receivers. The obtained analytical results are used to balance

the tradeoff between Doppler diversity and channel estimation

errors by identifying the optimum energy allocation between

pilot and data symbols such that the Doppler diversity is

maximized whilst loss in SNR due to channel estimation errors

is simultaneously minimized. This energy allocation scheme

gives the optimum tradeoff between Doppler diversity and

channel estimation errors ib SIMO high mobility systems. The

aforementioned results provide solutions to the investigations

and they as well show the fundamental performance limits of

SIMO high mobility systems with Doppler diversity.

The rest of this paper is organized as follows. The system

model is presented in II. Section III studies the statistical

properties of the estimated channels. A proposed optimum

diversity receiver for a SIMO high mobility in the presence of

imperfect CSI and the derivation of its exact error probability

is presented in IV. Sections V and VI respectively studies the

maximum Doppler diversity order and loss in SNR due to

channel estimation errors. Numerical and simulation results

are given in Section VII and Section VIII concludes the paper.

II. SYSTEM MODEL

Consider a SIMO communication system with one trans-

mitter and NR diversity receivers operating in a wireless en-

vironment with fast time-varying fading as shown in Figure ...

The system employs pilot-assisted channel estimation for the

channels between the transmitter and each of the NR diversity

receivers. At the transmitter,the modulated data symbols are

precoded to achieve Doppler diversity transmission, and pilot

symbols are then inserted for estimating and tracking the fast

time-varying fading channels between the transmitter and each

of the NR diversity receivers.

The data symbols to be transmitted from the transmitter

to each of NR diversity receivers is divided into slots. As

depicted Figure 1, each slot contains K unique modulated

data symbols s = [s1, · · · , sK ]T ∈ SK×1, where S is the

modulation alphabet set, and the superscript (·)T represents the

matrix transpose. To achieve Doppler diversity transmission,

a simple repetition code is employed at the transmitter, where

each modulated data symbol is repeated N times. Such a rep-

etition precoding scheme ensures that the maximum Doppler

diversity can be achieved, at the expense of a lower spectral

efficiency. The error probability performance of the system

with the repetition code can serve as a lower bound for

systems employing spectral-efficient precoding schemes [4].



3

After precoding, equally-spaced pilot which are used to track

the fast time-varying channels are then inserted among the

data symbols.

The precoded data vectors are transmitted slot by slot. Each

slot can be denoted as x = [s, p1, s, p2, · · · , s, pN ]T , where pk,

for k = 1, . . . , N , are N pilot symbols, and the data symbol

vector s is repeated N times. Without loss of generality, it is

assumed that the pilot symbols are from constant amplitude

modulation, such as M -ary phase shift keying (MPSK). There

are totally Nsym = (K + 1)N symbols in one slot. With such

a slot structure, the time duration between two adjacent pilot

symbols is Tp = (K + 1)Ts, where Ts is the symbol period.

Thus the pilot symbols sample the channel at a rate Rp =
1

(K+1)Ts
.

The function of the pilot symbols is to estimate and track

the fast time-varying fading channels between the transmitter

and each of the NR diversity receivers whilst the data symbols

are for data transmission and detection. Due to the difference

in the functions of the pilot and the coded data symbols,

different amounts of energy are allocated to them. Denote

the energy for each pilot and coded data symbol as Ep

and Ec, respectively. The total energy in one slot is thus

EpN + EcKN , and the energy per uncoded information bit

can be calculated as Eb =
EpN+EcKN

K log
2
M

, where M = |S| is the

cardinality of the modulation constellation set. It is assumed

the channels between between transmitter and each of the NR

diversity receivers are identically independently distributed

(i.i.d.). Based on this assumption, the received signal can be

interpreted as a stack of NR copies.

A. Pilot Symbols

The pilot and coded data symbols are transmitted over

the time-varying fading channel. The index of the k-th pilot

symbol pk, is denoted as ik = k(K+1), where k = 1, · · · , N .

Then the pilot symbols observed at the nr-th receive antenna

can be represented by

ynr,p =
√

EpXphnr,p + znr,p, (1)

where ynr,p = [y(nr, i1), · · · , y(nr, iN )]T ∈ CN×1 and

znr,p = [z(nr, i1), · · · , z(nr, iN )]T ∈ CN×1 are the received

pilot vector and additive white Gaussian noise (AWGN)

vector, respectively, with C denoting the set of complex

numbers,Xp = diag([p1, · · · , pN ]) is a diagonal matrix with

the N pilot symbols on its main diagonal,and hnr,p =
[h(nr, i1), . . . , h(nr, iN )]T ∈ CN×1 is the discrete-time chan-

nel fading vector sampled at the pilot locations for the nr-

th antenna. The AWGN vector is a zero-mean symmetric

complex Gaussian random vector (CGRV) with covariance

matrix σ2
zIN , where σ2

z is the noise variance and IN is a size

N identity matrix.

Thus, the equivalent receive signals can be denoted as,

yp =
√

EpXphp + zp, (2)

where yp = [yT
1,p, · · · ,y

T
NR,p]

T ∈ CNRN×1 and zp =

[zT1,p, · · · , z
T
NR,p]

T ∈ CNRN×1 are the equivalent received

pilot vector and additive white Gaussian noise (AWGN) vector,

respectively, Xp = INR
⊙ Xp is a diagonal matrix with

the NR repeated N pilot symbols on its main diagonal,

and hp = [hT
1,p, · · · ,h

T
NR,p]

T ∈ CNRN×1 is the equivalent

channel fading vector. It should be noted that hnr,p for

nr = 1, · · · , NR are i.i.d variables.

B. Data Symbols

With the repetition code, each modulated data symbol is

transmitted N times. The k-th data symbol sk is transmitted

over symbol indices kn = (n−1)(K+1)+k, for n = 1, · · · , N
in a slot. The received sample vector corresponding to the k-th

data symbol sk at the nr-th antenna can then be expressed as

ynr,k =
√

Echnr,ksk + znr,k, (3)

where ynr,k = [y(nr, k1), · · · , y(nr, kN )]T ∈ CN×1,

the fading and AWGN vectors are denoted as hnr,k =
[h(nr, k1), · · · , h(nr, kN )]T ∈ CN×1 and znr,k =
[z(nr, k1), · · · , z(nr, kN )]T ∈ CN×1, respectively.

The equivalent receive signals related to the k-th data

symbol can then be denoted as,

yk =
√

Echksk + zk, (4)

where yk = [yT
1,k, · · · ,y

T
NR,k]

T ∈ CNRN×1, the fading and

AWGN vectors are denoted as hk = [hT
1,k, · · · ,h

T
NR,k]

T ∈
CNRN×1 and zk = [zT1,k, · · · , z

T
NR,k]

T ∈ CNRN×1, respec-

tively.

The channel for each transmit-receive antenna pair is as-

sumed to experience wide sense stationary uncorrelated scat-

tering. Also based on the above assumption about the SIMO

high mobility system, the channels between the different

transmit-receive antenna pair are assumed to be independent,

thus the correlation between these channel coefficients is equal

to 0. Hence h(nr, n) is a zero-mean symmetric complex

Gaussian random process with the covariance function

E[h(nr1,m)h∗(nr2, n)] =

{

J0(2πfD
|m− n|Ts), nr1 = nr2

0, nr1 ̸= nr2.
(5)

where E(·) is the mathematical expectation operator, the su-

perscript (·)∗ denotes complex conjugate, f
D

is the maximum

Doppler spread of the fading channel, | · | returns the absolute

value, Ts is the symbol period, and J0(x) is the zero-order

Bessel function of the first kind.

At the receivers, we can estimate the channel coefficients hk

of the coded data symbols by using the distorted observations

of the pilot symbols yp. The estimated channel coefficients

will then be used to detect the data symbols.

III. STUDIES OF STATISTICAL PROPERTIES OF THE

ESTIMATED CHANNEL

This section studies the statistical properties of the estimated

CSI with the aid of MMSE channel estimations.
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A. MMSE Channel Estimation

Due to the temporal channel correlation, we can directly

estimate the channel coefficients of the coded data symbols by

using the received pilot symbols. The linear MMSE estimation

of the channel coefficients corresponding to the k-th data

symbol is

ĥk = W
H

k yp, (6)

where Wk ∈ CN×N is the MMSE estimation matrix and (·)H

denotes the matrix Hermitian operation. Define the error vector

ek = hk− ĥk. Based on the orthogonal principle, E[eky
H
p ] =

0, the MMSE estimation matrix can be solved as

W
H

k =
√

EpRkpX
H

p (EpXpRppX
H

p + σ2
zINRN )−1, (7)

where Rkp = E[hkh
H

p ] ∈ RNRN×NRN = INR
⊙ Rkp and

Rpp = E[hph
H

p ] = INR
⊙ Rpp ∈ CNRN×NRN with their

elements defined in (5), and R denotes the set of real numbers.

The matrix Rpp is a symmetric Toeplitz matrix with the

first row and column being [ρ0, ρ1, · · · , ρN−1]
T , where ρn =

J0(2πfD
|n|Tp). The matrix Rkp is a Toeplitz matrix, with the

first row being [τ−1, τ−2, · · · , τ−N ], and the first column is

[τ−1, τ0, · · · , τN−2]
T , where τu = J0 (2πfD

(uTp + kTs)).

The correlation of the error vector, Ree = E[eke
H
k ] ∈

RN×N , can be calculated as

Ree = Rkk −Rkp

(

Rpp +
1

γp
INRN

)−1

R
H

kp, (8)

where γp =
Ep

σ2
z

is the SNR of the pilot symbols, Rkk =

E[hkh
H

k ] = INR
⊙Rkk ∈ RNRN×NRN , and XpX

H

p = INRN

are used in the derivation of the above equation. It should be

noted that Rkk = Rpp, ∀ k. It is interesting to note that (8)

can be written as Ree = INR
⊙Ree, where Ree is denoted as

Ree = Rkk −Rkp

(

Rpp +
1

γp
IN

)−1

RH
kp. (9)

B. Statistical Properties of the Estimated Channel

In this subsection, the statistical properties of the estimated

CSI vector, ĥk, are studied. The results of this study will be

used to develop the optimum SIMO high mobility receiver in

the presence of imperfect CSI. Given the pilot symbols, the

vector yp is zero-mean Gaussian distributed with covariance

matrix E[ypy
H
p ] = EpXpRppX

H

p + σ2
zINRN . From (6), the

estimated channel coefficient vector is a linear transformation

of a zero-mean Gaussian vector. Therefore ĥk is zero mean

Gaussian distributed with the covariance matrix

R
k̂k̂

= Rkp

(

Rpp +
1

γp
INRN

)−1

R
H

kp = Rkk −Ree. (10)

Define the channel estimation MSE as σ2
e,N =

1
NRN

trace(Ree), where trace(·) is the matrix trace operator.

From (8), the MSE for a block with N pilot symbols can be

expressed as

σ2
e,N =

1

NRN
trace

(

Rkk −Rkp

(

Rpp +
1

γp
INRN

)−1

R
H

kp

)

.

(11)

The channel estimation MSE is a function of the SNR of

the pilot symbols, and the channel correlation matrices Rkp

and Rpp, which in turn depend on the Doppler spread and

the space between two adjacent pilot symbols Tp. From (11),

the computation of the MSE involves a matrix inversion and

a trace operation. Hence to explicitly identify the impacts

of the various system parameters and the channel estimation

quality on the MSE, we resort to asymptotic analysis by letting

N → ∞ while keeping a finite Tp. The results are presented

in Theorem 1.

Theorem 1: When N → ∞ while keeping a finite Tp, the

asymptotic MSE, σ2
e = limN→∞ σ2

e,N , of channel estimation

is

σ2
e = 1−

8γp arctan
(√

2γp−ω
D
Tp

2γp+ω
D
Tp

)

π
√

(2γp)2 − (ω
D
Tp)2

, for
1

Tp

≥ 2f
D
, (12)

where ω
D
= 2πf

D
, and Tp = (K + 1)Ts is the time duration

between two adjacent pilot symbols.

Proof: Intuitively, channel estimation for each channel

is independent so that the estimation MSE is consistent with

the SISO case. Simply, based on the property trace(Ree) =
trace(NRRee) = NR× trace(Ree), it can be proved that σ2

e =
limN→∞

1
NRN

trace(Ree) = NR

NR
limN→∞ trace(Ree) = σ2

e

which is derived in [8]. A strict and complete proof is given

by proof A.

IV. OPTIMUM DIVERSITY RECEIVER FOR A SIMO HIGH

MOBILITY SYSTEM IN THE PRESENCE OF IMPERFECT CSI

In this section, the optimum diversity receiver for the

SIMO high mobility system with imperfect CSI is studied and

thereafter, theoretical error probability of the diversity receiver

is derived using the statistical properties of the estimated CSI.

With the above analysis, the diversity receiver can be easily

obtained from the previous results, through Kronecker product

with a identity matrix IN .

A. The SIMO Optimum Diversity Receiver in the Presence of

Imperfect CSI

The receiver performs detection of sk in (4) based on the

knowledge of received data vector yk and the estimated CSI

vector ĥk. Conditioned on ĥk, hk in (4) is Gaussian distributed

with mean uk|ĥk = E[hk|ĥk] = ĥk and covariance matrix

Rkk|ĥk) = E[(hk − uk|ĥk)[(hk − uk|ĥk)
H |ĥk)] = Ree.

We have the following the proposition regarding the opti-

mum decision rule for SIMO diversity system in (4).

Proposition 1: With the estimated CSI obtained from (6),

the optimum detection rule for the diversity system in (4) with

MPSK modulation is

ŝk = argmin
sk∈S

{

|αk − sk|
2
}

, (13)
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where S is the MPSK modulation set and the decision variable

αk is

αk =
√

Ecĥ
H

k

(

EcRee + σ2
zINRN

)−1
yk. (14)

Proof: The proof is in Appendix B.

Remarks: If we consider the scenario where the SIMO

diversity receiver has perfect knowledge of the channel (i.e.

perfect CSI), then Ree = 0 in (14). The decision variable in

(14) then becomes αk =
√
Ec

σ2
z
ĥ
H

k yk. In this case, the optimum

decision rule in Proposition 1 converges to the conventional

maximal ratio combining receiver (MRC) receiver. However,

in the scenario where the SIMO diversity receiver has im-

perfect CSI, the result in Proposition 1 shows that MRC is

no longer optimal. The presence of channel estimation errors

quantified in the matrix Ree in (14) has an impact on the

decision process. Hence, the new optimum decision rule has

to take into account the statistical properties of the channel

estimation errors.

B. Error Probability in the Presence of imperfect CSI

In this subsection, the error performance of SIMO systems

with M-ary phase shift keying (MPSK) modulations operating

in presence of imperfect CSI is studied. The error probability is

derived by using the new optimum decision rule in Proposition

1 and the statistical properties of the estimated CSI ĥk.

From (14)

Since yk|(ĥk, sk) is Gaussian distributed, from (14), the

decision variable αk conditioned on ĥk and sk is also Gaussian

distributed, i.e., αk|(ĥk, sk) ∼ CN (u
αk|ĥk,s

, σ2
αk|ĥk,s

). The

conditional mean and variance are

u
αk|ĥk,sk

= ĥH
k

(

Ree +
1

γc
IN

)−1

ĥksk, (15a)

σ2
αk|ĥk,sk

= ĥH
k

(

Ree +
1

γc
IN

)−1

ĥk, (15b)

where γc =
Ec

σ2
z

.

Proposition 2: With the optimum receiver described in

Proposition 1, the SER of Doppler diversity systems with

MPSK modulation and operating with imperfect CSI is

P (E) =
1

π

∫ π− π
M

0

[

det

(

INRN +
sin2( π

M
)

sin2(φ)
A

)]−1

dφ,

(16)

where det(·) is the matrix determinant operator, and

A =R
k̂k̂

(

Ree +
1

γc
INRN

)−1

= Rkp

(

Rpp +
1

γp
INRN

)−1

R
H

kp

×

[

Rpp −Rkp

(

Rpp +
1

γp
INRN

)−1

R
H

kp +
1

γc
INRN

]−1

.

(17)

Proof: The proof is in Appendix C.
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