IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received May 26, 2020, accepted June 11, 2020, date of publication June 16, 2020, date of current version June 26, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3002893

Optimal Pilot Design and Error Rate Analysis of
Block Transmission Systems in the Presence of
Channel State Information (CSI) Estimation Error

MANJEER MAJUMDER", (Graduate Student Member, IEEE),

AND ADITYA K. JAGANNATHAM ", (Member, IEEE)

Department of Electrical Engineering, Indian Institute of Technology Kanpur, Kanpur 208016, India

Corresponding author: Manjeer Majumder (manjeer @iitk.ac.in)

This work was supported in part by the IIMA IDEA Telecom Centre of Excellence (IITCOE).

ABSTRACT This work proposes novel techniques toward the design of optimal pilot sequences to
perform channel estimation in block transmission systems over wideband frequency selective wireless fading
channels. The framework developed is based on minimization of the Bayesian Cramér-Rao bound (BCRB)
for the mean squared error (MSE) of the channel state information (CSI) estimate. Optimal pilot signals are
determined for the four predominant classes of block transmission systems, viz. single carrier zero padding
(SC-ZP), multi-carrier zero padding (MC-ZP), single carrier cyclic prefix (SC-CP) and multi-carrier cyclic
prefix (MC-CP) systems. This makes the techniques developed general in nature and thus applicable in a wide
variety of block transmission systems. As part of this study, succinct expressions and results are also derived
to characterize the error rate performance, incorporating also the effect of CSI estimation error resulting due
to the proposed algorithms. Finally, numerical results obtained via Monte-Carlo simulation are presented to
illustrate and compare the CSI acquisition performance of optimal pilot designs with that of conventional
designs and also validate the theoretical analysis for the error rate performance.

INDEX TERMS Block transmission system, mean square error (MSE), bit error rate (BER), diversity,

minimum mean square error (MMSE), maximum likelihood (ML), zero forcing (ZF).

I. INTRODUCTION

The advent of 4G and 5G technologies coupled with the
increase in popularity of multimedia rich applications is
driving the current demand for high data rates in wireless
networks. While this can be achieved via transmission over
channels with ever increasing bandwidths, the high delay
spreads and the resulting frequency selectivity of wireless
channels, which in turn lead to significant distortion due
to inter symbol interference (ISI), pose a severe challenge
toward the practical implementation of such systems. In this
context, block-transmission schemes, which are based on the
principle of either zero padding (ZP) or the addition of cyclic
prefix (CP) to the transmission frames, present an excellent
solution to overcome this impediment as shown in related
works such as [1]. For ease of study and analysis, these
transmission techniques can be grouped under four major
categories, based on the number of carriers and nature of
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redundancy employed, as follows: single carrier zero padding
(SC-ZP), single carrier cyclic prefix (SC-CP), multi-carrier
zero padding (MC-ZP) and multi-carrier cyclic prefix
(MC-CP). Some of these techniques are already used in
practice, with MC-CP, alternatively termed as orthogonal
frequency division multiplexing (OFDM), enjoying immense
popularity in 4G and 5G systems due to its low complexity
and robustness to frequency selectivity. At the same time, it is
important to also realize that OFDM has some shortcomings,
the prominent among these being its sensitivity to carrier
frequency offsets (CFO) and also amplifier non-linearity
arising due to the unusually large peak to average power
ratio (PAPR). Another failing along these lines is its inability
to accurately decode symbols at the channel nulls due to
the low output signal-to-noise power ratios (SNR) at the
corresponding subcarriers. Given these drawbacks, single
carrier block transmission, different aspects of which are
explored in [2]-[4] and [5], which do not suffer from CFO
and PAPR distortions, are excellent alternatives to OFDM
that are well-suited for practical implementation. Thus, it is
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essential to design a comprehensive framework for the design
and performance analysis of all the major block-transmission
schemes listed above, which can then be used in appropriate
systems. For instance, in LTE, while OFDM is used in the
downlink, it is replaced by the SC-FDMA waveform in the
uplink to avoid the PAPR problem. The central focus of this
paper is to present a unified approach for block transmission
systems. In particular, channel estimation is one of the key
processes in such systems, which has a significant bearing
on their accuracy of symbol decoding. This becomes even
more challenging in frequency selective channels due to the
wide bandwidth, which can lead to prohibitively high pilot
overheads in the absence of efficient CSI estimation schemes.
Therefore, the design of optimal pilot signalling schemes that
minimize the mean squared error (MSE) and thus maximize
the quality of channel estimation while not compromising
the spectral efficiency, is of utmost importance in these sys-
tems. A concise summary of the associated works by various
researchers in the existing literature in these areas is presented
next.

A. RELATED WORKS

Many works targeting pilot designs have been reported in
prior research, with a good number of them focusing on
OFDM [6] and MIMO-OFDM [7], [8] due to its widespread
adoption as described earlier. Authors in [9] present tech-
niques for SC-CP and MC-CP systems with affine precoded
training for a general doubly selective, i.e. time and frequency
selective channel. On similar lines, for SC-ZP systems, [10]
develops efficient superimposed pilot signalling schemes.
Comprehensive performance analyses of SC block transmis-
sion systems are presented in the treatises in [11], [12]. The
frameworks therein are based on linear equalization and [12]
focuses specifically on the bandwidth efficiency-diversity
gain tradeoff, which impacts the average error rate of the
system. An analytical performance comparison of SC-CP
and OFDM systems is illustrated in [13] considering the
MMSE receiver. A detailed and thorough comparison of the
performance of OFDM and SC-ZP systems considering var-
ious metrics such as throughput, BER sensitivity and PAPR,
is presented in [3]. Authors in [14] characterize the BER of
systems with the CP redundancy, along with the diversity
order, for the popular ZF, MMSE and ML receivers. While
the works above have assiduously addressed several chal-
lenging problems for SC/MC block-transmission systems,
some shortcomings still remain. Most importantly, none of
the above works present a general framework for optimal pilot
design that encompasses all the major block transmission
systems. Furthermore, results are not presented for the BER
performance in block transmission systems incorporating
CSI estimation error. To address these issues that have not
been tackled in the existing literature, this paper proposes
a single framework for the design of optimal pilot signals
in SC-ZP, SC-CP, MC-ZP and MC-CP block-transmission
formats. Its general nature renders the approach presented in
this paper applicable in a wide variety of systems.
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B. MOTIVATION AND CONTRIBUTIONS

A part of this work was presented in the conference paper
in [15]. The significant additional contributions of this work
are described below

e On top of proposed optimal pilot design, we have
derived analytical results for the bit error rate perfor-
mance of all the four block transmission systems cor-
responding to three different receivers viz. zero forcing
(ZF), minimum mean square error (MMSE) and max-
imum likelihood (ML). Further, the theoretical BER
analysis is significantly more involved and in-depth.

« Additionally, we have also studied the impact of channel
estimation error on the BER analysis, which is lacking
in [15]. The channel estimate is obtained by employing
the proposed optimal pilot design scheme.

« To make the BER analysis tractable, in case of ZP sys-
tems, we have introduced Overlap-add (OLA) operation
at the receiver. This significantly reduces the complexity
of SC-ZP and MC-ZP BER analyses and renders it
similar to that of their CP counterparts, which is not
present in [15].

Among other achievements, an equivalence is determined
between zero padded systems and ones employing a cyclic
prefix. It is also shown that the diversity order of OFDM and
MC-ZP systems equals unity in multipath Rayleigh fading
channels. Also worth noting is the fact that while SC-CP
transmission achieves the full multi path diversity only for
large block sizes, SC-ZP systems, in stark contrast, are able
to do so for an arbitrary block size.

C. ORGANIZATION

The section-wise organization of the rest of the paper is
described below. The system models for SC-CP, SC-ZP,
MC-CP and MC-ZP systems are described in section II. The
next section details the proposed technique for optimal pilot
signal design in the above systems based on minimizing the
BCRB for MSE of channel estimation. This is followed by
the BER performance analysis of block transmission systems
with channel estimation error for the ZF, MMSE and ML
receivers in section I'V. Section V and VI describe the results
of simulation studies for the above systems and conclusions
respectively.

Notation: Boldface small letters (a) and boldface cap-
ital letters (A) denote vectors and matrices, respectively.
()" denotes the Hermitian of a matrix. Tr denotes the trace
operator. The expectation with respect to a random variable Y
is denoted by Ey {.}. Iy and O s denote the N xN identity
and N xM zero matrices, respectively. The standard Gaus-
sian Q function, defined as Q (x) £ ﬁ fxoo exp (—%) du,
is denoted by Q (x)

Il. SYSTEM MODEL
Consider a block transmission-based system with the infor-
mation symbols p(n) blocked into N x 1 vectors denoted by

p (k) = [p(kN), ..., pkN+N—D1" , )
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FIGURE 1. Block diagram of the transmit and receive processing in
SC(MC)-CP systems.
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FIGURE 2. Block diagram of the transmit and receive processing in MC-ZP
systems.

where 0 < n < (N—1) and IE{|p(kN+n)|2|} = 1. For
ZP systems, the vector p (k) is multiplied by a PxN zero
insertion matrix 7, = [IIFV’ OIJX N]H prior to transmission,
where P = N+v. As a result, a zero sequence of length v is
appended at the rear of every block for the removal of the
effect of inter block interference due to multipath compo-
nents. On the other hand, in CP systems, the vector p (k) is
pre-multiplied with the PxN cyclic prefix inclusion matrix
Tep = [Iﬁl>< N IZ]H, which leads to the insertion of a prefix
comprising of the trailing v symbols of p (k) in the generated
transmit symbol vector. The Lx1 multipath channel vector
h=[h0),h®2),....h (L)]T is assumed to be symmetric
complex Gaussian with zero mean and covariance matrix
K, € CL*L such that E{|h ()|*} = Ui%z' The subsequent
subsections describe further details regarding the transmit and
receive processing for each of the block transmission systems
viz. SC-CP, MC-CP, MC-ZP and SC-ZP.

A. SC-CP SYSTEMS
At the receiver, after removal of the cyclic prefix using the
truncation matrix I' = [Oyx, ILy], the resulting output
symbol vector Ysccp € CN*1 can be expressed in time domain
as
Yscep (k) = THTp p (k)+ecp (k) . 2
——

w
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FIGURE 3. Block diagram of the transmit and receive processing in SC-ZP
systems.

where H denotes a lower triangular Toeplitz matrix
with the first row [A(0), 01xp—1))] and the first column
[A(0), ..., h(L),0p—r—1)]". The N point discrete Fourier
transform (DFT) of the channel impulse response is given as
®w = [wg, w1, ..., wN_1], Where

N—1
on =Y e, 3)
n=0

It is well known that the resulting matrix W € CV*V is given
as a circulant matrix with the first column [@ 0, X(N_L)]T.
Let this be decomposed as W = Fg QFy, where
Q = Diag (@) denotes the diagonal matrix of eigenvalues that
are equal to the DFT coefficients of h. Here, Fy represents
an NxN discrete Fourier Transform (DFT) matrix with its
(i, )th entry given as fn(l_l)(’_l) where f, = e /¥ . The
circularly symmetric additive white Gaussian noise (AWGN)
vector e € CN>=1 is assumed to be zero mean with covari-
ance matrix R, £ E {ecp(n)efp(n)] = GZWIN. For ease
of analyis, equation (2) can be alternatively expressed in
frequency domain after demodulation with Fy as [1]

Yscep (k) = Xseep (p (k) ht€cp (k) “

where Xcep (p(k)) = +/NDiag (Fyp (k) Fy € CN*L
and Fp of size N xL denotes a truncated matrix created by
choosing the first L columns of Fy and €, (k) = Fyecp (k).

B. MC-CP SYSTEMS
After removal of the cyclic prefix at the receiver the resulting
output vector for MC-CP systems can be expressed as

Ymeep (k) = Wpme (k)+ecp (k) , ©)

where ppe = F%p is the Nx1 transmitted pilot vector
obtained after the inverse discrete Fourier transform (IDFT)
operation at the transmitter. An alternative formulation [15]
for the above model after FFT demodulation at the receiver is
given as

Ymeep () = Xmeep (P (k) h+écp k), (6)
where Xumeep (p (k)) = +/NDiag (p (k)) Fy € CV*E.

VOLUME 8, 2020
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C. MC-ZP SYSTEMS
In an MC-ZP system, the received symbol vector ymczp can
be expressed as

Ymezp (k) = H7;ppmc (k)+e.p (k) , @)

where e, is an AWGN noise vector of size Px1 with zero
mean and covariance matrix R, £ E {ezp(n)eg,(n)} =
Gezz,, Ip. The received vector is pre-multiplied by the overlap-
and-add (OLA) matrix Ry, = [Iy Z,] € CV*P, where
T, € CVNxv comprises of the first v columns of Iy, which

performs the overlap-add (OLA) operation. The resulting
output vector can be expressed as

Ymezp (k) = RoaH7;p Pmc (k)+Roaezp (k). (8)
—— ——
w €oa

The OLA operation amounts to retaining the first N entries
of Ymezp While adding the last v entries to its first v entries.

Further, the resulting noise vector €, = Roa€zp post the OLA
operation at the receiver is given by
€zp, +eZPN+1
e (4
€oa = vHEN+y . )
€y
L eN _

It can be easily shown that the vector ey, is zero-mean
colored noise that has the covariance matrix Repq =2

E{ew(®eg, (k)] = ogly = (N-3v)o; Iy YN = 3v.
After demodulation w1th the P-point DFT matrlx Fp with its
(i, j)th entry given asf(’ Do=b where f, = e —iF , (7) can be

alternatively expressed as

chzp (P (k)) h+FPeZp (k) s (10)
-
€,p

Ymezp (k ) =

where the matrix Xmczp (p (k) € CP*L is defined as
Xuezp (P (1)) = v/PDiag (ZFiip (0) Fp (1)

with Z,, = FpT, € CP*N | The matrix Fp denotes the
matrix formed by the last L columns of Fp.

D. SC-ZP SYSTEMS

The output vector in an SC-ZP system, obtained after per-
forming N-point DFT operation on the received vector can
be expressed as

The received vector without the OLA operation can also be
expressed as

= Xsezp (P (k)) h+€,p(k), (13)
where the matrix Xyezp (p (k)) € CP*(®) is defined as
Xsezp (p (k) = ~/PDiag (Zpp (k) Fp. (14)

The procedure for optimal pilot design in each of the above
systems is described next.

Ysezp (k)

IIl. PROPOSED OPTIMAL PILOT DESIGN

The proposed optimal pilot design algorithm is developed
employing the BCRB metric, which corresponds to a lower
bound on the mean squared error (MSE) of estimation
wherein apriori information about the unknown parameter
of interest is available. Since the BCRB is a lower bound
on MSE that depends on the apriori pdf of the channel
vector h, it does not depend on any specific channel esti-
mation technique. The BCRB corresponding to the multipath
channel vector h is given as

E{dh-md-n] = ap", (1)

where Jp € CL*L represents the Bayesian Fisher Information

Matrix (BFIM) that can be expressed as [16]
Jg = Jr+J;. (16)

The matrix J7 stands for the FIM corresponding to pilot
symbols and J; represents the FIM associated with prior
information of h. Using Equation (8.55) from [16], one can
determine the 7, jth element ofJp as Eqn. (17), as shown at the
bottom of this page. Substituting m (#) := m (h) = Xy,ph
and K, () = Kjy,,, (h) defined as
_ _ H
K)_’sczp (h) =E { Ysczp—I (h)) (ysczp_m (h)) }

=E {esczpesczp} 627PIP7 (18)

Jr can be determined as

XA quzp

sczp

Jr=—7F3— (19)
ezp
where Xge,p = \/IVDiag (Fyp (k)) Fn. Using Eqn.(8.57)
of [16], which states Jp = Ko_l, one can determine
J =K, ', Further, given the probability density function
pn(h) = —1——exp [—%hH K;lh], the Fisher informa-
(2m) 2 |Kp|2

tion matrix (FIM) J; corresponding to a priori information
can be determined as [16]

Vezp (K) = Wp (k)+e0q (k) - (12) Ji = —En [Vinpn )] = K. (20)
o -1 (0) 1, OKx (0) "0 K -1 om ()
[Iplij = Eg [Tr[ 0 ° K 0= } +2Re [ T 0 =55 H (17)
VOLUME 8, 2020 112133
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where K}, denotes the channel covariance matrix. The power
delay profile of the channel, which represents the average
power of the channel taps, is captured in the diagonal entries
of the covariance matrix K defined as

K,=E [hhH} : 1)

with E {|h (i)|2} = [Kpl;;. Substituting the above expres-
sions for J7 and J; in (16), one can express (15) as

-1
X2, (p(k)) Xserp (p(K)) +K;1> .

2
Okw

E{ by | = (
(22)

Therefore, the BCRB for the MSE associated with h is lower
x4 ©))Xsezp (plk
bounded as esc,p (p (k)) = Tr sczp (P ))2 p®®)
ezp

The line of action for optimal pilot design is described next.
In the following course of analysis, the index & is dropped for
notational ease. The optimization framework toward design
of the pilot sequence for SC-ZP systems can be formulated
as

minimize esczp (P) (23)
p
subject to [|pll* < Pr, (24)

where Pr denotes the total transmit power. Further simplifi-
cation of the optimization problem above can be performed
as shown in the ensuing analysis. Since 7, is a zero padding
matrix, it follows that

Top=[p 0%,]" (25)

Therefore H’Epp“ = ||pl|. Further, Fp7;pp” = HEPpH =
Ipll, where Fp is a unitary DFT matrix of size PxP.
Let s = FpTpp € CP*1 and op = |sp|2, where
op and s,Y1 < p < P denote the pth elements of p and s.
Hence, (24) can be modified as

P
Isl> =" pp < Pr. (26)
p=1

Next, esczp (p) in (23) is expressed as
-1
—1 P H . H .
esezp () =Tr | K, +U—2.”F'p Diag(s)" Diag(s) Fp
—

€zp

Diag(p)
(27

Let the eigenvalue decomposition of the inverse of the chan-
nel covariance matrix K;l be given as

K, ' =UuAU", (28)

where U represents a unitary matrix of size LxL and
A denotes a diagonal matrix of size LxL consisting of the

112134

—1 B
K

eigenvalues A;, 1 <[ < L. Substituting this in (27), one can
simplify the expression for egc,p (p) as

-1
P )
eserp (p) = Tr | A+— (FpU)" Diag(p) (FpU) | (29)
o’ev N—— N——
p AH A
=Tr(A+©)" !, (30)

where the matrix ® € CE*L g defined as

P
® = ——A"Diag (p) A. (31)
g,

e

Applying Schwartz’s inequality [17], it follows that

Y > —
ii — [Y];;
where [Y]; ; denotes the ith diagonal entry of the matrix Y.

Employing this inequality, the quantity ec,p can be lower
bounded as

VI<i<N, (32)

1
[A+8];;

M=

esczp (P) = (33)

=1
Let @ = [01,....0;,....0.]F e CLX! where 9 =
[©];; V1 <[ < L.From (31), it follows that

2 2
(Al [(Alpi|” | [ o1
0= — : : : S, (34
O_ezzp . 5 . . 5 .
[[A]; .| [[Alp.L| PP
——
AL><P £
where A can be expressed as
2 2
o | [AL] |[Alp,1|
A= : N P )
Uezp 2 2
[[A]} .| [[Alp,L|
The quantity p can be replaced by its least squares estimate
p=Alo, (36)

where AT = (A7 A : AH denotes the pseudo inverse of A.
Therefore, the constraint in (26) can be expressed in terms of
0 as
P P L

Yo=Y [AT] 0, < Pr. 37)

=1 =1 1=1 Pl
Substituting the bound determined in (33) for egc,p, the prob-
lem in (23) can be expressed as

L
. 1
minimize
0 IZI: A6,

P L
subject to Z Z [AT]

p=1 I=1

0 < Pr. (38)
p,l

VOLUME 8, 2020
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The Lagrangian function for the optimization problem in (34)
can be formulated as

P L
£, 1) = Z/\% HZZ([ATLI@,—PT) (39)

p=11=1

The KKT framework described in [18] states that the saddle
point of the Lagrangian function V.L(#, ), obtained by set-
ting VL@, u) = 0, is an optimal solution for the convex
minimization problem (34). Using this property, the optimal
solution can be determined as shown in the following steps.
Differentiating £(8) respect to ;, one obtains

P
0L(0) -1 ~
= Al 40
a6, (A461)? M}; [ p.l 40
Setting BL (0) to zero determines 6; as follows
1

0 = =\l (41)

wY e [AT]

p.l

where p can be evaluated by employing the power constraint
as shown below

ZZ [AT] 6 = Pr

=1 p=1

L P 1

=y > [AT]N —M

I=1p=1 s ZII::1 [ATLJ

=Pr 42)

TS [AT]
= u= — . (43)
Pr+3 1o MY [AT]

p.l

Further p can be obtained as p = A'g. s; can be expressed
as

s,=4Pp» 1=p=P. (44)
Lets = FpT,pp = Z,p. Finally, from the definition of
s above, the optimal pilot sequence p:CZp for SC-ZP block
systems is derived as

Pl = Zips*. (45)
Furthermore, it can be noted that the proposed optimization
technique for pilot design is generic and can be readily
extended to MC-ZP, SC-CP and MC-CP systems by appro-
priately defining s as follows. For MC-ZP systems, since s is
given by Eqn. (11) as s = ZZng Pmezp, the optimal pilot for
such a system follows as

T
P = (ZaFH ) s (46)

VOLUME 8, 2020

For SC-CP systems, since s is given from the description in
Eqn. (4) as s = Fypsccp, it follows that optimal pilot sequence
can be obtained as

Plcp = Fy's™. (47)

Finally for MC-CP systems, since s is obtained from Eqn. (6)
as S = FyPmccp, the optimal pilot can be determined as
Pcep =S (48)
IV. PERFORMANCE ANALYSIS OF ZF, MMSE AND ML
RECEIVERS FOR BLOCK TRANSMISSION SYSTEMS
This section begins with a brief characterization of the chan-
nel estimation error, followed by its effect on the performance
of block transmission systems. Let A/ (/) denote the estima-
tion error corresponding to 4 (/) that can be characterized as
having zero mean with variance E{| Ah(l )|2} = oi I One can
express @y, the nth DFT co-efficient of the estimated channel
vector ﬁ, as

L-1
on =Y h)yeH = Z (W(D)+AR(D) e TN (49)
=0 =0
L—-1
= wat Yy AhDeTH, (50)
=0

Awy,

where iz(l) = h(l)+Ah(l). From (50), assuming w, and
the estimation error Aw, to be independent of each other,
the variance corresponding to h (1) and &, can be evaluated
respectively as

E{‘fz(l)‘z} = of =

A 12 _
]E{|wn| } = ay = apt+Aay, (52)

o+ (51

where a, = E{|wy|?} and A, = E{|Aw,|?} denote the
variances of the DFT channel co-efficient w, and the error
Aw, respectively. The expression for «,, can be derived as

a, =E {Ia)nlz} = E a)na)*}
L=l 1 2nnl * 27'mm
_E{Zh(l) \/—Ne- Zh (m)T } (53)

L—-1L-1 2
—E{ZZh(l)h* (m) e /5 ] (54)

=0 m=0
L—-1L-1
nnl 2nnm

- _ZZE [(h()h* (m)} e~ (55)
=0 m=0
L-1L-1

2mnl Znnm

= —Z D Ky (lmye W (56)

=0 m=0
1 H
= NfN (n) Kpfy (n) (57
112135
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L— l)

where fy (n) = [1 e VTN . e ] . Similarly the

variance of Awj,, denoted by Acj,, can be determined as
follows

Ao, = E {lAwn|2} =F {Aa)nAa)*}

—E {Z Ah (1) Te_j Z Ah* (m) sz”"m }

m=0
1

L—1L—1

=N {Z > AR ()b (1) e IR }
=0 m=0

| Lol

- NZZE{Ab(Z)h* (m)} e T°H" &I "

=0 m=0
L—-1L-1

:—ZZJB(I m)e]nnl 27rnm

=0 m=0
= —f” (n) Jpky (n)

(5 l)

where fy (n) = |1 e 727N .. eI27 ] .Let g, £ |wnl?

and g, = |c?)n|2 Since the MMSE estimator is being
employed, the error Ah (l) follows a symmetric complex
Gaussian distribution. Hence, g, is exponentially distributed
with the probability density function fégg,,) that can be
obtained as

1 :
Felm) = exp( 8 ) gn = 0. (58)

ay

Employing the above results, the following sub-sections
now develop the theoretical BER expressions in the
presence of channel estimation error for SC-ZP, SC-CP,
MC-CP and MC-ZP block transmission systems described in
sections IV-A, TV-B, IV-C and IV-D respectively for various
linear as well as non-linear receivers considering binary phase
shift keying (BPSK) modulation.

A. BER ANALYSIS OF SC-ZP SYSTEMS
1) ZF RECEIVER
Let ©2 denote the estimate of 2 = Diag (w). Further, let AQ
be defined as Diag (Aw), where Aw = [Awy, ..., Awy]t.
The ZF based symbol vector estimate for SC-ZP systems in
the presence of channel estimation error can be expressed as
7" = FYQ ' Fyyen (59)
= P& 'Fy (P QFyp+en) (60)
= FlO Ry (Fﬁ (Q—AQ) FNp—i-eoa) 61)
= p+Fi Q' Fyea—FEQ 1 AQFyp. (62)

éoa
The covariance of the noise vector &, € CN*! can be
computed as

Rz,

= Ef@oubey) A A (63)
= o FLQTIQ RN +PrFEQIAQAQH G Fy  (64)
112136

1‘H/Zp |Awi |2
—V =2 0 0
|1
= O'ga FII;]I : : FN )
0 14yl Aoy |?
oy |
(65)
where y,, = :—ZT. It has been assumed that the symbol

vector p and the noise vector €, are uncorrelated. The noise
co-variance matrix above is a circulant matrix as it can be
expressed in the form Rz, = agaFII\{ EFy, where E is the
diagonal matrix of eigenvalues, all of which are equal to the
component wise noise variance
1 i g0 (147ep| Aonl?)
N )

n=1

— Vli<n<N. (66)
|n|

As the quantity Aw, is small, one can ignore its variation
across the block of N symbols. Let [Awp|* 2 d,1<n<N.

Therefore, the instantaneous signal-to-noise ratio (SNR) for
the ZF receiver in SC-ZP systems with channel estimation
error can be expressed as

SNRA — Pr !
sezp ™ ZN oa(I4ypd) Z (typ®) ©
N n= N n=1 Vng n

léon”
The instantaneous bit error rate (BER) for the above system
with BPSK modulation [14] can be determined as

(67)

2N
zf
BER» =C| | v 5e) (7md)
\ anl Vngn
2N
o |=——|. (68)
\ anl ?ng’n

where y,, = 1 +y;p Further, the harmonic mean inequal-

ity [19] has been enrl)ployed in the last expression (68) to lower
bound the instantaneous BER i.e.

0 (\/ 2 NJ;Zpgn) >0 < IZN);zp ITJBN g’n) . (69)

In order to compute the average BER, consider

G = H}:in &n. (70)

1<n<N

The cumulative distribution function of X can be evaluated as

FGm (&gm) =Pr(Gm < gm) = 1_Pr( m’}n g’n > gm) (71)

1<n<N

> gm) (72)

=1- l—[Pr
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N
1—1_[ exp <—‘z—m> (73)

N
1
= l—exp (—gm Z&—) . (74)
n=1 "

The simplification from (71) to (72) involves the assumption
that g (0),g(1),...,g(N—1) are uncorrelated i.e. for the
scenario when L = N.Leta 2 Y | L | 3, The corresponding
pdf fG,, (gx) can be evaluated as

dF, [ (gm)
dgm

Hence, the average BER for the ZF-based symbol estimate in
SC-ZP systems can be lower bounded as

———7f M
BEchzp (VZP)

= [ (/2N 7mn) o, e 76)
= Am 0 (m> & exp (—gm@)dgm (77)

¥?
exp a exp (—gma)dydg
V / / 2Ny, yngm ( ) " "

G, (gm) = = aexp(—gnd) . (75)

(78)
(79
and
L P—Tz
. Y, Z (N=3v)og,
Vzpél_'_zpd)zlapT:l PTp (80)
Vep +o_§a +(N 3v)02

ezp

in eqn. (78), the resulting expression can be further simplified
as

NP
1— T . (8D

1
2 Pryiis & (W=3v) 02 +Pro)

As a special case, the average BER in the absence of CSI
estimation error can be obtained by setting A, and @ to zero
in the above equation and is determined as

1 NP
L — T - (82)
2 Pr+> a (N=3v) o,

2) ML RECEIVER
The symbol estimate py obtained using the ML receiver in
an SC-ZP system with imperfect CSI can be expressed as

Ysczp—Diag («/F}'ph) ZprH2 . (83)

Pml = argmin
p
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The pairwise error probability (PEP) Pr (p — p'|h, y) for
vectors p,p’ where the vector p’ has been erroneously

decoded in place of the transmitted vector p can be simplified
as

2

0 \/Z Diag («/Ffpﬁ) Zy | p—p . (84
2 ~——

e

where y = Diag (\/ﬁfpﬁ) Z,pe can

be equivalentlgfwexpressed as
Diag (\/TDJ-'pﬁ) Zpe = Diag (Z,pe) VPFph.  (85)
'h\/—/
Dzp v

Next, the square of the norm of the above quantity can be
evaluated as

| Diag (VPFh) ZzpeH2 - (DZpVﬁ>H (DpVhR) 36
= b"VDID,,Vh (87)
= h"U.” vU,h (88)

L—1
N N ~ |2
= hf’yh, = § Y |, (89)
=0

ul

where h, = U;h. Uf WU, denotes the eigenvalue decompo-
sition of V# DprZpV and W = Diag ([0, ¥1, ..., ¥1-11")
is the diagonal matrix of eigenvalues. Since U, is a unitary
matrix, the modified channelA tap vector h,, has similar statisti-
cal characteristics as that of h. The PEP can now be expressed

as
(pamh [2

PEPml

sczp

(90)

ul

-1
> |k
1=0

The amplitudes of the channel taps

fzul‘ are Rayleigh
distributed with the probability density function

(iz

Therefore the quantity y; = fzul

Jina |
hui B 22?

)= 5~ €Xp h (C2))
Ox
hy

ul

Hy

2
is exponentially dis-

tributed with the probability density function
1 T
20%
e N " .

20511//1

The average PEP for vectors p, p’ can be determined by
averaging the quantity in (90) over the joint pdf. Due to the
independence assumption of y; s, the probability density can
be simplified as

le (YI) =

L __u

1 T
[T53¢ ™" ©
11 203,

Jri e, v, 01,92, -2, 9L) =

112137
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The quantity in (90) can further be upper bounded using the
Chernoff bound as

2

L—1 7
Y 2i=0 Vi |hu 1 _ L
. < —exp 14 24:.1:1 Y . (93)

N |

Employing the pdf in (92), the upper bound for average PEP
can be simplified as

——ml
PEPsczp
v
1 [ 0 ¥k oy 1 T2y
sy f o e gy e
2 Jyi=0 yL=0 =1 ZGh 17
%94)
1 ﬁ/oo 1 _2021111,
== e a¥ e o dy (95)
2 j=1Y9=0 26;?[ Vi
L - yi
1 o0 (4 202 v )
=[1= / e W dy (96)
AR
L
1
= \mern ) .
hy

Considering BPSK modulation and equi-probable symbols,
the average BER for the ML receiver in SC-ZP systems can
be simplified as

L
1

— (98)
2+yo hzl 17

=—=—=ml 1
BERG, (1) < 2

Therefore, it can be readily seen that the ML receiver in
SC-ZP systems achieves diversity order L.

3) MMSE RECEIVER
The minimum mean square error (MMSE) receiver in pres-
ence of channel estimation error yields the symbol vector

estimate as f)g‘é‘;;fe that can be expressed as
ﬁ;régge = VAVM ysczp = WM WI«H‘WM ézpy (99)
—_——
eSCZp
where
“ - A oA -1
Wy = VZpW (Vzpww +IN) (100)
N 7
Vzp 21 . 0
(Vzp‘é)l| +1)
=Fy : : Fy
0 Vzp&);/ -
~ 2
B (Vzp |60N| +1> ]
(101)

112138

where W = Fg fZFN. The covariance matrix of the estimated

symbol vector ﬁ;ﬂ;‘ge can be expressed as

H A N
E{f)gr;;e (f’?@?}fﬂ }=E {(wMysczp)(WMysczp>H} (102)
= Wy E{Ycrpyih,p ) Wi (103)

The right hand side term of the expression (103) can be further
expanded as

Wi E{(Wp+&,) (Wpté,) yWH (104)
="
[ yap@t (vl |*H) & 0 i
2 2
()/Zp|c?)1| —i—l)
: : Fy.
Vap @3 (Vap low 1%41) @

(rmlonfs1)” |

(105)

The simplification from (104) to (105) involves substitution
of W = FLQFy, W = FEQFy, E{pp”} = Pr and equation
(101). The covariance matrix of the signal component in (99)
ie. WMWp can be evaluated as

~ ~ H
E((WiWp) (WuWp) )
= E{WyWpp" WH Wi}

|01 o
— .
(vl +1)
=Ff : : Fy.
von Pl

~ 2 2
(VZp'le +1)

(106)

The covariance matrix of the effective noise vector
€sczp = Wi ézp can be evaluated as

~ ~ H
E((Waep) (Wutsp) ) (107)
= 0, Wy Wiy (108)
Vzp|CAUl|2 o 0
(y|d)1|2+1)
=F{ : : Fy.
0 VZp|C/[)N|2
~ 12 2
(J/lel —H)
(109)

From (105), (106), (109), it can be observed that
the covariance matrices are circulant in nature. Hence,
the component-wise variance is equal for all N symbols of
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the block. The instantaneous SINR for the nth symbol can be
evaluated as

Z Vap*1@n|* |
N n=1
(Vzp|wn| +1)

1 N |wn‘2 ’
N Zn:l 2

(Vzp|(z)n|2+l)

Applying the Cauchy- Schwarz inequality in (110),
the numerator can be upper bounded as

204 12
yzp|a)n| |w}’l| |a)n| 2
Z ) ZPZ 2 Z' n|
n=1 <Vzp|wn| +1) (]/zp|wn| +1) n=1

Hence, the expression for SINRg‘é‘ZI;fe in (110) can be modified
as

SINRmmse —

sczp

(110)

N

N
SINR?(I;IZHPSC = Zyzp|wn|2 = ZVngm

The instantaneous BER corresponding to symbol detection
using the MMSE estimate for SC-ZP systems is seen to be

N
2Vzp Z &n
n=1

Let ggum = ZnN=1 gn- The probability density function asso-
ciated with the quantity gsum can be expressed as

B ERmmse — Q

Sczp

(111)

stum (gsum) ng1+g2+...+g1v (8sum) (112)
(I —
w4 3 T (5—9
ng Nt

The average BER corresponding to the MMSE symbol esti-
mate of SC-ZP systems with channel estimation error can be
evaluated as shown next

BER

mmse
sczp

)
= /(; 0 (2Vngsum)stum (8sum) dgsum

v v IDoi 2

_! A (1_/ Vapd ) (115)
2;]_21 nn— (a] Oln) J/Zpaj+1

B. BER ANALYSIS FOR SC-CP SYSTEMS

1) ZF RECEIVER

The ZF-based symbol vector estimate pSCCp in the presence of
channel estimation error can be expressed as

Py = FNQ ' Fyyeep (116)
— FlQ Ry (F{j QFNp+éCp) (117)
— FlQ Ry (FZ (Q—AQ) FNp+écp> (118)
= p-FLQ ' AQFyp+FEQ 1 Fyé,p . (119)

(114)

€25
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Next, the covariance of the noise vector e,5 can be evaluated
as

RL’ zs

= Efexe))
= o, FNQ ' Q" Fy+PrF QT AQAQT QT Fy

(120)

(I+yepl Awi %)

- 0... 0
81
= o, FY : : Fy,
0 (1+VCP|Awn|2)
8N

(121)

where the quantity yep = :TT. It can be observed that the

. . Y . . .
noise covariance matrix is circulant in nature since it can
be expressed in the standard form of a circulant matrix i.e.
APDA, where A and D are unitary and diagonal matrices

respectively. Thus, the noise variance is identical for all

. 14+yepl Awp|
the components and is given by 1% Zflv W.
n

Similar to the discussion of SC-ZP systems, one can define
& 2 |Aw,|*. The instantaneous SNR for the ZF receiver for
SC-CP systems in the presence of channel estimation error,
can be expressed as

P T
SNRY =
scep eq) (1+ycpw)

Nan

1
- (122)

1+ycpa) :
N Zn 1 chgn
Proceeding on similar lines to that of SC-ZP systems,
the average BER can be determined as

BER(, > f O |2V s gm ) o, (sm) dgm (123)
0 1+ Yep@

1 NP
S z

2 PT+Z£1V:1 &ln ( ebp+PTa)>

, (124)

where G, stands for the quantity defined in (70). As a special
case, the average BER in absence of channel estimation error
can be determined as

1 NPt
E 1— —P N 1 .
T+Zn=l a_naecp

2) MMSE RECEIVER

On similar lines to that of SC-ZP systems, the average BER
corresponding to MMSE symbol estimation for SC-CP sys-
tems in the presence of channel estimation error can be

(125)
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approximated by setting ycp = ;TT as
ecp

oo
BERL, = /0 Q(,/zycpgsum)fasum (8sum) dgsum  (126)

N N Hn 1
1 .an chaj )
= — 1— |25 )
2 ;; I, ( | ) ( Vep@tj+1
nej !

(127)
N
where, &sum = Zn:l &n-

3) ML RECEIVER

As shown in [14], the PEP corresponding to the symbol
vectors p, p’ conditioned on the channel estimate h can be
simplified as

Pr (p g P/|fl, ch)

~ 2
Yep ‘W (p—p")
=0 \ — (128)
chh ch chCPVCPfl
Vep
=0 \ 3 (129)
L—1 7
12
—0 \/ch Z[=(; il hu| ’ (130)

where V¢, = v/NFy, D¢y = Diag (Fy (p—p’)) and ¢; is the
Ith eigenvalue of V¢, = VZ)DZ)DCPVCP. As shown in [14],
the average PEP can be determined by averaging over the

channel pdf as
o0 1 _x
/()Q(,/ycpzNLX) e ddy (131)

1 ] YepNLot!
2 YepNLa'+1 |

The average BER for the ML receiver in SC-CP systems can
be further obtained as

——ml 1 YepNLo!
BER. = [1— [ 133
sccp T 9N -1 < \ ¥epNLo/+1 (133)

C. BER ANALYSIS FOR MC-CP SYSTEMS

1) ZF RECEIVER

The ZF-based symbol estimate for MC-CP systems in the
presence of channel estimation error can be expressed as

Pr (p - p/|ch)

(132)

~7zf

Pmeep = Qi]FN Ymeep
— O 'Ry (ngzp+écp)

(134)
(135)

112140

= Q'Op+QFyéE,, (136)
— ! (Q—AQ) p+QFyé,  (137)
= p—Q ' AQP+Q T Fyég (138)

The system model for the nth subcarrier can be expressed as

[Fi 1, nfep () —Awyp (”)> (139)

Wn

Diacep ) =P (n)+<

€;m (1)

The noise variance for the nth subcarrier can be determined
as

2 2 v
L Pro o (1+yo)
E(legn (0I2}) = 2 =2 .

|éon|® &n

(140)

Employing the above result, the instantaneous SNR on nth
subcarrier can therefore be evaluated as

P
@£ T N chgn .
SNRmccp UECPIHJT&) - (1+)/cp(.l)) - chgna (141)
&n
where pep, = W The average BER for the nth subcarrier

with BPSK moduliated symbols can be obtained as

——zf o
BER}.p (Vep)

1 8 R
= _Z/ ( 2chgn> - exP( )dgn
ay
N Veod
_ b cpOn
T 2N X:: ( \ 1+ycpotn>

Hence, as seen from the above expression, the average BER
of MC-CP based systems asymptotically achieves a diversity
order equal to unity. In the absence of channel estimation
error i.e. where @ = 0, the BER expression reduces to

(142)

N
1 Yepn
BERA ~-§ <1— p—> (143)
mecp (vep) 2 2 U7 Ty

2) MMSE RECEIVER
Replacing p by pmec = Fip and y,p = yep = 1 _ﬁ’;" = in (99)
for SC-ZP, the SINR for the nth subcarrier in MC-CP systems
can be obtained as

SINRITSC — 57 e,

mecp

(144)

The average BER for BPSK modulated symbols on the nth
subcarrier of the MC-CP system can be simplified as

N o]

BER Ly () = 3 20 [ @ (y/200) o, (2 (145)
n=1

(146)
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3) ML RECEIVER

The problem for maximum likelihood (ML) detection of the
data symbol vector p using the received signal ymecp for
MC-CP systems can be expressed as

~ml
mccp

(A1 Hone (-1
= argmin (Q FNYmccp_p> QUQ (Q FNYmccp_p) .
P

Since, QA is a diagonal matrix with positive diagonal
entries, it is evident from (147) that ML detection is equiv-
alent to considering symbol detection on the individual sub-
carriers similar to the ZF receiver described in (142). Hence,
the average BER performance of the ML receiver is similar
to that of the ZF receiver given in (142) for MC-CP.

D. BER ANALYSIS FOR MC-ZP SYSTEMS

1) ZF, MMSE AND ML RECEIVER

The ZF symbol estimate in MC-ZP systems in the presence
of channel estimation error can be expressed as

Azf

pmczp = Q_lFNYmczp (147)
= O 'Fy (F,’&,’ Qp—i—eoa) (148)
= p+Q27 (Fyea—AQp). (149)

€oa
The noise affecting the nth data symbol p (n) transmitted on
nth subcarrier has the variance

2 - 2 .

. 2 os+Pra ol (14+ypo

]E{|eoa(n)| }: oaA - — oa( _ Zp )

|y | 8n

The instantaneous SNR on the nth subcarrier can therefore be
evaluated as

(150)

p N
@ T _ Ypp8n o A
SNRmCZp = "33J§PT‘D = (1+)/sz)) = Yp&n, (151)
where y,, = Hy%pw On similar lines to that of MC-CP
systems, the average BER can be determined as
———f o
BER ,,, (V2p)

N N
1 o . o~ 1 &n ~
N }:1/0 Q(\/ J’ngn> z eXp< 3 ) &n

n
N o -
_ L [ Yo
2N 1+V2plin

In the absence of channel estimation error, the average BER
for these systems can be readily obtained by setting @ = 0

N .
———zf o 1 YzpQn
BER, =Y [1— /=22, 53
mezp (720) 2N;< \ 1+)71pan> (159

Once again, the average BER performance of the ZF receiver
is similar to that of the ML receiver for MC-ZP based systems
due to the diagonal nature of Q7 Q.

(152)
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FIGURE 4. MSE comparison of the proposed pilot scheme with the
standard random pilot scheme and BCRB for SC-ZP systems.

V. SIMULATION RESULTS

This section presents results of a Monte-Carlo simulation-
based study for the MSE and BER performance of the
described optimal pilot design strategies toward channel esti-
mation in SC-ZP and MC-CP systems. The setup considers
a frequency selective Rayleigh fading channel, in which the
channel taps are generated as independent circularly symmet-
ric complex Gaussian random variables with mean equal to
zero. The transmit symbols for various block-transmission
systems are assumed to be BPSK modulated. Simulations are
performed for two different pairs of (v, N) given as (32, 32)
and (16, 48). The second set is chosen from the reference [1].
Both these sets satisfy the requirement v > L and also enable
us to explore the effect of guard interval and block length
on the estimation performance. The simulation results are
averaged over 1000 independent channel realizations. Fig.4
and Fig.5 plot the output MSE of the linear minimum mean
square errror (LMMSE) [20] channel estimate versus SNR
for SC-ZP and MC-CP systems, respectively. For any zero
mean parameter h, the LMMSE estimator is given by

h = RyyRyy, (154)

where Ry = E {hy'} = E {h (Xrph+,5)" | = KX

sczp
and Ryy = E{yy"} = KhXSCZngZeraZZpIP. Thus,
the LMMSE estimate of h for our system model in Eqn. (13)

can be evaluated as

. -1 .
h= (Xg;szsczp) XgZPYSczpa (155)
where Xy,p = +/PDiag (Zzppg‘czp) Fp. These figures

clearly demonstrate that the MSE achieved by the proposed
optimal pilot design technique is substantially lower in both
the systems in comparison to that of random pilot sequences.
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—¥— BCRB (N=32)
- ¥ - BCRB (N=48)

MSE in h (in dB)
| 1
5 o
‘

L
S
T

-16

-18+

_20 Il Il
10 15 20 25
SNR in dB

FIGURE 5. MSE comparison of the proposed pilot scheme with the
standard random pilot scheme and BCRB for MC-CP systems.

10 T : :
Optimal Pilot (Proposed) (N=512)
=—p— Random Pilot (N=512)
ot BCRB (N=512)
’ Optimal Pilot (Proposed)(N=64)
=== Random Pilot (N=64)
BCRB ( N=64 )

A0
> Optimal Pilot (Proposed){N=258)
=—d§—Random Pilot (N=256)
BCRB (N=256)
20

MSE in dB

60 i i L
10 15 20 25 30
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FIGURE 6. MSE and BCRB performance comparison of channel estimate
employing the proposed pilot design scheme for different values of
N = {64,256, 512} in SC-ZP systems.

More specifically, one can observe a 6.62 dB improvement in
MSE for the SC-ZP system, whilst that for its MC-CP counter
part is 3.1 dB at SNR = 10 dB. The MSE is also seen to
decrease when the block length increases from N = 32 to
N = 48, as expected, since the estimation accuracy is higher
for a pilot sequence of larger length. Another trend that is
eminently clear from the figures is that the MSE of both the
single and multi-carrier systems above achieves the BCRB
for the proposed techniques. Yet, there is a slight deviation of
the MSE from the ideal BCRB in the low SNR regime, which
can be attributed to the inequality in (32) that is used to deter-
mine the optimal designs. This inequality becomes tighter at
higher SNRs, which explains the observed deviation. We have
also provided MSE and BER results for other (v, N) pairs

112142
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FIGURE 7. BER performance comparison of ZF receiver employing
proposed pilot design approach for different values of N = {64, 256, 512}
in SC-ZP systems.
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FIGURE 8. MSE and BCRB performance comparison of channel estimate

employing the proposed pilot design scheme for different values of
N = {64,256, 512} in MC-CP systems.

(16, 64), (16, 256), (16, 512), comprising of larger number of
subcarriers and block lengths, as shown in Fig. 6, Fig. 8, Fig. 7
and Fig. 9. It can be observed from all the four figures that the
estimation performance get significantly improved for larger
values of N.

Results are now presented to validate the BER performance
and the pertinent analysis carried out in section I'V. For this
purpose, the ZF, MMSE and ML receivers are variously used
to estimate the transmit symbol vector. For these simulations,
the number of symbols per block is set as N = 16 and the
SNR is increased from 0 dB to 40dB. The BER performance
of MC-ZP and MC-CP systems for such a setup is shown
in Fig. 10 and fig.11, respectively. It can be readily seen

VOLUME 8, 2020



M. Majumder, A. K. Jagannatham: Optimal Pilot Design and Error Rate Analysis of Block Transmission Systems

IEEE Access

10— ' -
-~ .
-
-
e ¥
-
oy
~ e
L8
b
3 ~ LN

10| ~ 1

- - q\
v <. _ .
[10] - A-‘ ~
m - ~

Sy .
S -.‘
104 L \\ ]
L
S
= 4 =Simulated ZF (N= 512) ~
Simulated ZF (N=256) N
= ® =Simulated ZF (N=64) ~

1078 : - e |

] 5 10 15

SNR in dB

FIGURE 9. BER performance comparison of ZF receiver employing
proposed pilot design approach for different values of N = {64, 256, 512}
in MC-CP systems.
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FIGURE 10. BER comparison of the proposed pilot scheme with the
standard random pilot scheme and theoretical bounds for MC-ZP systems.

that similar to MSE, the BER of the proposed algorithms
is significantly lower than that obtained using random pilot
sequences. Moreover in Fig. 10, the BER performance is seen
to be in good agreement with the corresponding analytical
results derived in (152) and (153) for imperfect and perfect
channel knowledge, respectively, which lends credence to
analysis in section IV. It is also worth noting that both the
figures attest to the fact that the ZF, MMSE and ML receivers
considered in this study yield the same BER values. This is
explained by the decoupled symbol detection process for each
subcarrier. Fig.11 shows a similar trend for MC-CP systems.
In contrast, Fig.12 that plots the BER performance of SC-ZP
systems shows that the ML receiver yields the best response
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FIGURE 11. BER comparison of the proposed pilot scheme with the
standard random pilot scheme and theoretical bounds for MC-CP systems.
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FIGURE 12. BER comparison of the proposed pilot scheme with the
standard random pilot scheme and theoretical bounds for SC-ZP systems.

for these systems followed by the MMSE receiver, which is
in turn better in comparison to that of the ZF receiver. Inter-
estingly, this is due to the fact that the decoding across the
subcarriers is not decoupled for this single-carrier system,
unlike these multi-carrier systems whose performance has
been shown in earlier figures. Finally, the BER performance
of the optimal pilot design once again shows an improvement
over that of the random pilot sequence.

VI. CONCLUSION

This work has successfully developed a general framework
for the construction of optimal pilot signals that is appli-
cable in single as well as multi-carrier systems with cyclic
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prefix and zero padding redundancies for block transmis-
sion. Since the proposed algorithm is based on minimizing
the BCRB that represents a lower bound on the MSE of
channel estimation, it yields the best possible performance.
Subsequently, analysis was carried out to present compact
closed-form expressions for the output BER of all the four
major classes of block transmission systems, viz. SC-ZP,
MC-ZP, SC-CP and MC-CP, incorporating also the effect
of CSI estimation error, with linear as well as non-linear
equalization techniques employed at the receiver. In the end,
a comprehensive Monte-Carlo-based simulation study was
carried out to demonstrate the improved MSE and BER
performance resulting from the proposed pilot signalling
techniques over that of random pilot sequence. The results
that emerged from this study not only explicitly demonstrated
the improved MSE and BER of the optimal pilot designs but
also validated the analytical results for the BER.

ACKNOWLEDGEMENT

The authors would like to thank Dr. Amrita Mishra, Assistant
Professor at the Department of Electronics Communication
Engineering, Dr. SPM International Institute of Information
Technology Naya Raipur, India for providing insight, moti-
vation and expertise that greatly assisted the research.

REFERENCES

[1] K. Amleh, H. Li, and T. Li, “Robust channel estimation and detection for
single-carrier and multicarrier block transmission systems,” IEEE Trans.
Veh. Technol., vol. 59, no. 2, pp. 662-672, Feb. 2010.

[2] M. S. Yee, M. Sandell, and Y. Sun, “Comparison study of single-carrier
and multi-carrier modulation using iterative based receiver for MIMO
system,” in Proc. IEEE 59th Veh. Technol. Conf. (VIC -Spring), May 2004,
pp. 1275-1279.

[3] Z. Wang, X. Ma, and G. B. Giannakis, “OFDM or single-carrier block
transmissions?” [EEE Trans. Commun., vol. 52, no. 3, pp. 380-394,
Mar. 2004.

[4] Z. Wang, X. Ma, and G. B. Giannakis, “Optimality of single-carrier zero-
padded block transmissions,” in Proc. IEEE Wireless Commun. Netw.
Conf. Rec. (WCNC), Mar. 2002, pp. 660-664.

[5] J. Tubbax, B. Come, L. Van der Perre, L. Deneire, S. Donnay, and
M. Engels, “OFDM versus single carrier with cyclic prefix: A system-
based comparison,” in Proc. IEEE 54th Veh. Technol. Conf. (VIC Fall),
vol. 2, Oct. 2001, pp. 1115-1119.

[6] Y. Ying and M. Ghogho, “Optimal pilot placement for frequency offset
estimation and data detection in burst transmission systems,” I[EEE Com-
mun. Lett., vol. 9, no. 6, pp. 549-551, Jun. 2005.

[7] Z. Wu, J. He, and G. Gu, “Design of optimal pilot-tones for channel
estimation in MIMO-OFDM systems,” in Proc. IEEE Wireless Commun.
Netw. Conf., vol. 1, Mar. 2005, pp. 12-17.

[8] D. Hu, L. Yang, Y. Shi, and L. He, “Optimal pilot sequence design for
channel estimation in MIMO OFDM systems,” IEEE Commun. Lett.,
vol. 10, no. 1, pp. 1-3, Jan. 2006.

[9] A. P. Kannu and P. Schniter, “Design and analysis of MMSE pilot-aided
cyclic-prefixed block transmissions for doubly selective channels,” IEEE
Trans. Signal Process., vol. 56, no. 3, pp. 1148-1160, Mar. 2008.

[10] Q. Zhu and Z. Liu, “Optimal pilot superimposition for zero-padded
block transmissions,” IEEE Trans. Wireless Commun., vol. 5, no. 8,
pp. 2194-2201, Aug. 2006.

[11] A. Paula and C. Panazio, “A comparison between OFDM and single-
carrier with cyclic prefix using channel coding and frequency-selective
block fading channels,” J. Commun. Inf. Syst., vol. 26, no. 1, pp. 19-29,
Apr. 2011.

112144

[12] S. Ohno, “Performance of single-carrier block transmissions over multi-
path fading channels with linear equalization,” IEEE Trans. Signal Pro-
cess., vol. 54, no. 10, pp. 3678-3687, Oct. 2006.

[13] Y.-P. Lin and S.-M. Phoong, “MMSE OFDM and prefixed single carrier
systems: BER analysis,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal
Process. (ICASSP), vol. 4, Apr. 2003, p. IV-229.

[14] B. Devillers, J. Louveaux, and L. Vandendorpe, “About the diversity in
cyclic prefixed single-carrier systems,” Phys. Commun., vol. 1, no. 4,
pp. 266-276, Dec. 2008.

[15] M.Majumder, A. Kudeshia, and A. K. Jagannatham, *““Optimal pilot design
for channel estimation in single/multicarrier block transmission systems,”
in Proc. 23rd Nat. Conf. Commun. (NCC), Mar. 2017, pp. 1-6.

[16] H.L. Van Trees, Detection, Estimation, and Modulation Theory, Optimum
Array Processing. Hoboken, NJ, USA: Wiley, 2004.

[17] A. Vosoughi and A. Scaglione, “Everything you always wanted to know
about training: Guidelines derived using the affine precoding framework
and the CRB,” IEEE Trans. Signal Process., vol. 54, no. 3, pp. 940-954,
Mar. 2006.

[18] S. Boyd, S. P. Boyd, and L. Vandenberghe, Convex Optimization.
Cambridge, U.K.: Cambridge Univ. Press, 2004.

[19] P. R. Mercer, “Refined arithmetic, geometric and harmonic mean
inequalities,” Rocky Mountain J. Math., vol. 33, pp.1459-1464,
Dec. 2003.

[20] S. M. Kay, Fundamentals of Statistical Signal Processing: Detection The-
ory. Upper Saddle River, NJ, USA: Prentice-Hall, 1993.

MANJEER MAJUMDER (Graduate Student
Member, IEEE) received the B.Tech. degree
in electronics and communication engineering
from the RCC Institute of Information Tech-
nology, West Bengal University of Technology,
India, in 2011. She is currently pursuing the
M.Tech.—Ph.D. Dual degree with the Department
of Electrical Engineering, IIT Kanpur, India. Her
research interests include channel estimation in
wireless communications, MIMO, and millimeter
wave communication.

ADITYA K. JAGANNATHAM (Member, IEEE)
received the bachelor’s degree from the Indian
Institute of Technology Bombay, and the M.S. and
Ph.D. degrees from the University of California
at San Diego, CA, USA. From April 2007 to
May 2009, he was employed as a Senior Wireless
Systems Engineer at Qualcomm Inc., San Diego,
where he was a part of the Qualcomm CDMA
Technologies (QCT) Division. He is currently a
Professor at the Department of Electrical Engi-
neering, IIT Kanpur, where he holds the Arun Kumar Chair Professorship,
and is also associated with the BSNL-IITK Telecom Center of Excellence
(BITCOE). His research interests include the area of next-generation wire-
less cellular and WiFi networks, with special emphasis on various 5G tech-
nologies, such as massive MIMO, mmWave MIMO, FBMC, NOMA, and
full duplex. He received the P. K. Kelkar Young Faculty Research Fellowship
twice, for his excellence in research, the Qualcomm Innovation Fellow-
ship (QInF), the IIT Kanpur Excellence in Teaching Award, the CAL(IT)2
Fellowship at the University of California at San Diego, and the Upendra
Patel Achievement Award at Qualcomm.

VOLUME 8, 2020



	INTRODUCTION
	RELATED WORKS
	MOTIVATION AND CONTRIBUTIONS
	ORGANIZATION

	SYSTEM MODEL
	SC-CP SYSTEMS
	MC-CP SYSTEMS
	MC-ZP SYSTEMS
	SC-ZP SYSTEMS

	PROPOSED OPTIMAL PILOT DESIGN
	PERFORMANCE ANALYSIS OF ZF, MMSE AND ML RECEIVERS FOR BLOCK TRANSMISSION SYSTEMS
	BER ANALYSIS OF SC-ZP SYSTEMS
	ZF RECEIVER
	ML RECEIVER
	MMSE RECEIVER

	BER ANALYSIS FOR SC-CP SYSTEMS
	ZF RECEIVER
	MMSE RECEIVER
	ML RECEIVER

	BER ANALYSIS FOR MC-CP SYSTEMS
	ZF RECEIVER
	MMSE RECEIVER
	ML RECEIVER

	BER ANALYSIS FOR MC-ZP SYSTEMS
	ZF, MMSE AND ML RECEIVER


	SIMULATION RESULTS
	CONCLUSION
	REFERENCES
	Biographies
	MANJEER MAJUMDER
	ADITYA K. JAGANNATHAM


