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Abstract: This letter proposes a power delay profile (PDP) estimation technique for linear
minimum mean square error (LMMSE) channel estimator of multiple-input multiple-output orthogonal
frequency division multiplexing (MIMO-OFDM) sys-tems. For practical applications, only the pilot
symbols of all transmit antenna ports are used in estimating the PDP. The distortions caused by null
subcarriers and an insufficient number of samples for PDP estimation are also considered. The proposed
technique effectively reduces the distortions for accurate PDP estimation. Simulation results show
that the performance of LMMSE channel estimation using the proposed PDP estimate approaches
that of Wiener filtering due to the mitigation of distortion effects.

Index Terms: Channel estimation, power delay profile, MIMO, OFDM, 3GPP-LTE

1. Introduction

MULTIPLE-INPUT multiple-output orthogonal frequency  division multiplexing
(MIMO-OFDM) is one of the most promising techniques for wireless communication systems,
including the 3rd Generation Partnership Project Long Term Evolution (3GPP LTE) [1], [2] and
IEEE 802.16 (WiMAX). MIMO-OFDM provides a considerable performance gain over broadband
single-antenna systems by obtaining the spatial diversity or multiplexing gain [3], [4]. Most
receiver techniques of MIMO-OFDM systems are designed with the assumption that channel state
information (CSI) is available, in order to achieve the maximum diversity or multiplexing gain
[5]-[7]. The performance gain depends heavily on accurate channel estimation, which is crucial for
the MIMO-OFDM systems.

The pilot-aided channel estimation, based on the linear minimum mean square error
(LMMSE) technique, is optimum in the sense of minimizing mean square error (MSE) when the
receiver knows the channel statistics [8]. To obtain the frequency domain channel statistics at the
receiver, power delay profile (PDP) estimation schemes have been proposed [9], [10]. These schemes are
based on the maximum likelihood (ML) estimation by taking advantage of the cyclic prefix (CP) segment
of OFDM symbols. However, the ML PDP estimators require very high computational complexity for
obtaining an accurate PDP.

Another approach for improving the performance of LMMSE channel estimation employs
an approximated PDP (i.e., uniform or exponential model) with the estimation ofsecond-order
channel statistics, which are mean delay and root-mean-square (RMS) delay spread [11]. The channel
delay parameters are estimated using pilots with low computational omplexity. Therefore, the LMMSE
channel estimator with the approximated PDP is appropriate for practical applica-tions such as a
WiMAX system. However, the performance degradation is caused by both the correlation mismatch
and the estimation error of delay parameters.

To reduce the mismatch in the frequency domain, we propose a PDP estimation technique
for the LMMSE channel estimator of MIMO-OFDM systems. For practical applica-tions, the
proposed technique uses only the pilot symbols of all transmit antenna ports to estimate the PDP
with low computational complexity. In addition, the proposed technique effectively mitigates the
distortion effects, incurred by null subcarriers and an insufficient number of estimated channel impulse
response (CIR) samples. Simulation results show that the performance of LMMSE channel estimation
with the proposed PDP estimate approaches that of Wiener filtering.
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II. System Model

The system under consideration is a MIMO-OFDM sys-tem with C transmit and D receive
antennas, and << total subcarriers. Suppose that the MIMO-OFDM system transmits <<¢ subcarriers at
the central spectrum assigned for data and pilots with <—<C¢ virtual subcarriers, in order to control
interferences with other systems. The CIRs corresponding to different transmit and receive antennas in
MIMO systems usually have the same PDP [12].

Let n[Rn,Tn] be the pilot subcarrier for the ath trans-mit antenna at the Tpnth OFDM
symbol, which is a QPSK modulated signal from known sequences between the trans-mitter and
receiver. We assume that the pilot subcarriers are distributed over a time and frequency grid as in Fig.
1, to preserve the orthogonality of pilots among different transmit antennas. Rn€Fn and Tp€ n represent
the index sets for the pilot subcarriers of the ath antenna port in the frequency and time domains,
respectively. At the Tnth OFDM symbol, the number of pilot subcarriers is defined as <n=|Fnl. The
pilot inserted OFDM symbol is transmitted over the wireless channel after performing an inverse fast
Fourier transform (IFFT) and adding a CP. It is assumed that the length of CP, =f; is longer than the
channel maximum delay, =3k, making the channel matrix circulant (=gh < =1).

At the receiver, after perfect synchronization, the removal of CP, and FFT operation, the received pilot
symbol for the dth receive antenna can be represented as

yo[Tn] = LPKO(Xn)Fnhn,O +no, (1)

=fx1 CIR

represent the

where hp,q=[hp,qlep.0].hp.qlep.1],....hp,qlep, EFR]0,...,0]€ is an

vector at the ath transmit antenna and dth receive antenna. (-)S and ()™

transpose operation, and the transpose and conjugate op-

eration of a vector or matrix, respectively. xnl[ = n[P1,Tnl,_n[P2,Tnl,..., n[PHx,Tnl S

denotes a pilot vec-tor at the Tnth OFDM symbol for P§ €Fpn and R=1,2,...,<n.
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where [{A) is the cohunn vector containing all the diagonal
elements of A. Then, the relation in (4) is simplified as

LI [ i L | [

P = golg +anty + .. Fag —iti,—1 = Tp_é (3)

where T=[tg, t1, ..., ti,—1] is defined as a distortion matrix
by W. It iz noted that the distortion maT_n'.E's a strictly diago-
nally dominant matrix, satisfying [ T]g/>"" ey [ T]gs/ for all
P [, since the non-diagonal elements of T are composed of
the leakage powers of U, for all P. From the Gershgorin circle

theoremmn, a strictly diagonally dominant matrix is non-singular
[13]. In addition, the distortion matnx is a well-conditioned
matnx. Hence, the distortion of W can be eliminated as

Ps= TPy =_ {Gnol o1} —G° 0 ®
where 0no[Ta]=T7"_0 o by, is defined as the

received sample vector for estimating PDP at the (z djth
anterma port on the Tyth OFDM symbol, and w =

T7'_0(Wokr.nW g )

frequency

1 PRE (17 subcurriers)

I:‘ Pilot subcarmiers
» O

Data

| subframe {14 OFDM symbols)

Fig. 1. Pilot svmbol ar=ngement ina physical resowrce block (PRE) of the
LTE OFDM swstem.

LPKO{x,) is the =, ==, dlagonal matrix whose entries are the
< elements of the vector X,. 1= a =, ®==F matnx with

the (P, th enay [Fal_ =1/ SNfa{~02pF /< } where

PeeFy and =01, .., =F—1. Ny is a complex additive white
Gaussian noise (AWGN) vector at the gty receiver antenna
with each entry having a zero-mean and vanance of g°.

I1I. PROPOSED METHOD FOR THE PDP ESTIMATION
A Derivation of the PDF in MIMO-OFDM sysiems
From (1), the CIR at the (3 d}th antenna port can be

B. PDP Estimation in Practical MIMO-OFDM Systems

The received sample vectorm (6) canbe expressed as
Qnol Tl = 0 + Ngo + 8no, (M

where m, = T~ _C(ngﬁ__nngn=wafﬁ__n] and €, =
2EN{T_0(Whpon™W,, )} Here, EN{a} denotes the

real part of @ We assume that B, iz an effective noise by
AWGN. Then, the sample average of §n 5[ Tp] is given by

nollng

estimated approximately using the regularized least squares S SF
(RLS) channel estimation with a fixed length of =¢ as GnalTal, = TS n.ol Tnl (%)
T (_ ) = A= =1 o=1
hope FHE-"'"?.LIJ'C# FoLPRO (%) = o[ Ta) - . h.= A |
a - |- bw Yo + :ﬁ‘n..:-.-L + enalp .
= Waorr¥s[Tnl @
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where 5=0.001 iz a small regularization parameter, and lx, is
the == identity matrix. F5, F; in (2)is ill-conditioned due
to the sparsity of pilot tonesin the frequency domain and the
presence of virtual subcamers [2]. To denive the PDP from the

estimated CIE in (2), the ensemble average of‘I‘IQ,p,Qu-,g nnls
given by

A .
ho.-ﬂw‘& hfn_.: = WR&.@W= + q!wan‘(l’?_-ﬂwo.‘?ﬁ_.n-
®
where Rge=_{hpoh, 7} and W=(F, ¥, + 35l )7'F, F0.
Note that the diagonal elements of the chammel goyan-

ance matrix, Rz represent the PDP of multipath channel
within the length of = and all off-diagonal elements are

zeros. Hence, the covanance matrix can be expressed as
Rz:=LPK0 (p.s), where ps=|[ap, 85, ..., 8k 0. .., 0° and
8=_{lno[Tn. ] 1. Unfornmately, Rz is distorted by W,
which iz an ill-conditioned matnx due to the presence of
FZF,. Thus, instead of calculating W™, we investigate the
method for eliminating the spectral leakage of W.

The covanance matnx of the estimated CIE is defined as
R~~=WR ;W= which canbe expressed as
& K1 .
R:i':i =3 WL (au;: W=,

=u

4

where U; is a unit vector with the jth entry being one and
otherwise zeros. Let p~, and §; be the =#=1 vectors defined
as p~=_{0(R~~) and t;=_[ WL u;)W= _ respectively,

A &
where (f [To]= [gj-,__g['l'},]]IE and #F= [W]'E. To mitigate the
detrimental effect of residual noise z; . the proposed scheme

estimates the average of residual noise at the zero-taps of ps.
At the fth entry of pysyr, the zero-tap can be detected as

I
: 1 if ke, =N
= "ol - (13)

otherwise

zf:; §-ﬁ_r is defined as a threshold wvalue

for the zero-tap detection. Then, the average of residual noise
at the zero-taps can be estimated as

-

=

where ngz= '.l-E;

1 i -
Tarsr= = ELPL (14)
— ZKk_' i
where == =0 B represents the total number of detected
zero-taps. With the mitigation of residual noise, the lth tap of
the PDP estimate, Pz can be expressed as

if é“é@r = T@__Taf

s _ { Bimr — T Tsr
AT 0 otherwise

(13}
Then, the estimated PDP in (13) can be used to obtam the
frequency-domain charmel correlation in the LMMSE channel

estimator.
IV. PERFORMANCE AND COMPLEXITY ANALYSIS

The LMMSE channe] estimator with the imperfect PDP in
(15)is given by
N G =g
Wep =Fi U(pAF, = R_U(pAF, F g/ ). (16)

where Fi is the <. ® =¢ matrix obtained by taking the first
=¢ colummns of the DFT matnx. ﬁ,@ = ps tEpgy 1s expressed
as the estimated PDF, where the ith element ofg pgp is defined
as

where = £ | /G D represents the total number of samples for
PDP estimation. |_p/is the number of pilot symbols at the Ryth
subcamer in a time slot. When = isr-suﬂis.ilenﬂ}' l_arg;:-z: the PDP
can be perfecﬂ}' estimated, since ' _0 hpgoh3 . P&
Mnal , — qj\ﬁ?: and (Bno), — 0. However, it is difficult
for a receiver of practical MIMO-OFDM systems to obtain
such a large mumber of samples. With an insufficient mum-
IEE\I: oﬁ sa;]mpleyl the PDP can be approximated as ps; =
“To j.tj;i;rgﬁe LheLaccurac}' of PDP estimation with insufficient
samples, we mitigate the effective noize az follows
:'un.D[Tn.l.-lf - q’?ﬂz 0 h.{jhn '1’: +z;, )]
where z; = :E%-IL +(MMp,0) L —qfﬁﬁr iz definéd as a residual
noise vector, in which each entry has a zero-mean. Then, the
error of PDP estimation with = samples can be calculated as
g =(10 S TPa) I 10)
Since [pgl; =0 for all P, the PDP caninitially be estimated

s ur

e
Pasar = ; 5%-[ Tn]
=1 ng1 o
where §p [ Tp] 1 the sample vector of proposed PDP estimator
with the {th entry

otherwize

(11

(12}
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¥
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Fig. 1. Pordomance of LMRISE techmigne using the sstimatsd PDP ower
ETU chanmal.

where “hpgrp, = LPKD(X,)TYn[Tn]. Using the emor
covan-ance matnx, the frequency-domam MSE of the
proposed scheme 1 given by

5 bEa
HBre = ShE o0 F Y
where He(E,) denotes the trace operation of E,. With a
sufficiently large mumber of samples, e?m — 0. Thus, the
MSE of the proposed scheme achieves that of Wiener filtering
because We ; — Wanep.

The additional ct(mplexit}' by the pmposea PDP estima-
tion techmique is B =¢+ =,=p+ | /[0 D=F¢ . which mamly
comes from computing (2) and (6). When the pilot spacing
is fixed in the frequency domain, all entries of F, and |
are constant. Thus, (F,F7 + sl )" F. and T can be
computed only once, and their vahies chn be stored The
additional complexity isthenreducedto B =#+| ,C0=¢ _

{2y
(£
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B, =1 [erli—Torsrs if[EL] = Tarsr

0 otherwise

(17
p

preen

From the matnx mw'ersionlennna,ff&,‘T(ﬁ‘e)F,K+ e,
in (22)is converted as

PRF+¢ o, Y_A-_AT'F,BFA, (18)
where A( = (F,, u(p,g}F_ IH,_ and B
B = Uegen) +F)=A Fr_0(egeqn)

Then, the goefficlent matnx for LMMSE™ channel
estimation with ps can be rewntten as

Wep =Wanen + Wy o, (19)

. _C -

whete Wanrn 2 Fre 0(paF= Fo 0paFa=+ Gk, )
is the coefficient matrix for Wiener filtering, and Wy, , is
given by
Winn = —Fr (po)F AT F.BF~A™ (20}

+F_U(Enan)F~, Fr_0(pAF~ +¢°1,
The emor covanance matnx of LMMSE channel estimation
with the imperfect PDP can be obtained as

L Y e
E-=0D Fshya—Woi.hrao Fsho—Weohira,

=(Fz —W: F:) -T(p:) (Fz W, F.)"
+QMWF,F, W_..,, (21)

V. Simmlation Results

We consider a MIMO-OFDM system with the physical layer parameters for the downlink of 3GFP ITE [i14]
The system bandwidth is J MHz with 30 subcarriers for tramsmitting data information and pilots including a DC
subcarrier at 2-- ok carrier frequency. The width of sach subcarrier is 13 kFz with an FFT size of J11. The MIMO-
OFDM system utilizes four framsmit and itwo receive antemnas (C=4 D=1). We assume that the pilots of the four
transmit antemna ports are disivibuted as the time and frequency grid of the LIE system in Fig. 1. The length of CP is 40
(=F=4l). For all simulations, the channel estimator is based on a cascaded I1x1D LMMSE technigus during 14
OFDM symbols {I_j1 = [ 21 = 2 [ 31 = 4/ = 1), as shown in Fig. I, where the filtering in frequency domain is
Jollowed by the filtering in time domain over slowly fading channels with the Doppler frequency of J Hz.

Figure 2 shows the MSE performance of the 221D LMMSE technigue using the estimated PDFP. All underlying links
are modeled as extended typical urban (EIT]} chamnels [14]. The performance of the 1x1D Wiener filter with exact
FDFP is included as a lower bound. For performance comparisoms, we ploi the performance of frequency domain
regularized IS channel estimation inm which the FDP information is not required. The performance of the Ix]D
LMMSE technigue using the approximated FDF, which is uniform or exponential model with the chamnel delay
parameter estimation in [l1], is alse plotted Note that the LMMSE technigue using the estimated PDF outperforms
the conventional methods, since the correlation mismatch is reduced by the proposed PDFP
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Fig..3. Parformanca of LMMSE tachmiqua using the estimatad PDP over 6  Fig..J. Simulstion and spalysis results of LMMSE chennal estimation
13y axponentisl channsl with varisble chanmsl mawimum delavz (Pilot SNE=  over ETU chansl with vaious mumber of samples for the PDP estimation
30 zH). {Pilet SKR= 20 zH)

Mosile Enuioment 2
Eig..4. Paformance of LMMSE tachnigus 5 tha astimated PDP over and Deppler flaquency = 925 —203.7 d_)
ETU channsl with differsnt mobile aguipmen p=ab {Pilet SKE= 30 zH

We also observe from Fig. 3 that the proposed method has a performance loss within only a
2.4-dB gap, compared with 2 <1D Wiener filtering.

In Fig. 3, we investigate the MSE performance of the pro-posed scheme over the exponentially power
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decaying six-path Rayleigh fading channel model, where the channel maximum
delay, =,;, is variable. The PDP of the channel model is de-fined as _¢/Z [T1Pp= ' V¥ for
§=0, Ar,n..,5Ar amg Ar=X_"_ Here, Tprg™ jupok ) and G, is the normalization

5
K

factor (Gp= e ). The performance of the proposed scheme is better than that of the

conventional methods, and

J
approaches that of Wiener filtering in various channel envi-ronments.

Figure 4 shows the MSE performance of the 2 <1D LMMSE technique using the estimated PDP for
different mobile equip-ment speeds at 30-L_ SNR. All underlying links are modeled as ETU channels. In Fig.
4, it can be seen that the MSE of LMMSE technique using the estimated PDP achieves that of Wiener
filtering even at high Doppler frequencies.

Figure 5 shows simulation and analysis results of the frequency-domain LMMSE channel
estimation with various samples for obtaining the PDP at 20-L_ SNR (> =/, D). We assume that 2 x<2
MIMO-OFDM system over ETU chan-nels with 70-,-% Doppler frequency. The simulation results
correspond to the channel estimation performance at the first OFDM symbol of antenna port 1 shown in Fig.
1. We obtain the analytic results in (22) by using the coefficient matrix for LMMSE channel estimation with the
perfect or imperfect PDP at the antenna port. In Fig. 5, it is observed that the MSE of the proposed scheme
improves the MSE performance with an increase in the number of samples for PDP estimation.

VI Conclusions

We proposed a PDP estimation technique for the LMMSE channel estimator in MIMO-OFDM
systems. The CIR esti-mates at each path of the MIMO channels were used to obtain the PDP. For
accurate PDP estimation, we considered the spectral leakage effect from virtual subcarriers, and the
resid-ual noise caused by the insufficient number of estimated CIR samples. The proposed technique
effectively mitigates both the spectrum leakage and residual noise. Simulation results show that the
performance of LMMSE channel estimation using the proposed PDP estimate approaches that of Wiener
filtering.
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