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Abstract

The combination of multiple-input multiple-output
(MIMO) system with OFDM techniques is regarded
as one of the promising solution for wireless
communication  systems, including the 3rd
Generation Partnership Project Long Term Evolution
(3GPP-LTE) and IEEE 802.16 (Wi-MAX). In this
paper, we propose a power delay profile (PDP)
estimation technique for linear minimum mean
square error (LMMSE) channel estimator of MIMO-
OFDM systems. For practical applications, the
proposed technique uses only the pilot symbols of all
the transmit antenna ports to estimate the PDP with
low computational complexity. In addition, this
technique also reduces the correlation mismatch in
the frequency domain, the distortions caused by null
subcarriers and an insufficient no. of samples for
PDP estimation. Simulation results show that  the
performance of LMMSE channel estimation using the
Proposed PDP estimate is much better than the ML
PDP estimator and an approximated PDP
estimator(uniform or exponential).

Index Terms- Channel estimation, PDP, pilot symbols
MIMO, OFDM, 3GPP-LTE, LMMSE.

1. Introduction

Orthogonal frequency division multiplexing
(OFDM) is one of the most promising layer
technologies for high data rate  wireless
communications due to its robustness to frequency
selective fading, high spectral efficiency and low
computational complexity. OFDM can be used in
conjunction with a MIMO transreceiver to increase the
diversity gain and/or the system capacity by exploiting
spatial domain. Because the OFDM system effectively
provides numerous parallel narrow band channels,
MIMO-OFDM is considered as a key technology in
emerging high data rate system such as 3G, IEEE
802.16 and IEEE 802.11.

The performance gain of MIMO-OFDM
systems depends highly on accurate channel
estimation. The block diagram of MIMO-OFDM
system using pilot symbols is as shown in fig.1
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Fig 1: MIMO-OFDM system
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Whenever the receiver knows the channel
statistics, the pilot- aided channel estimation, based
on the linear minimum mean square error (LMMSE)
technique is the optimum estimation technique to
minimize the mean square error (MSE). Hence power
delay profile estimation schemes based on ML PDP
estimators, approximated PDP estimators etc. have
been proposed to obtain the frequency domain
channel statistics at the receiver. The first method
uses the advantage of cyclic prefix (CP) segment of
OFDM symbols. But, the major drawback in this
method is, it requires very high computational
complexity for obtaining an accurate PDP estimation.

The second method, based on PDP estimation
is an approximated PDP (i.e., either uniform or
exponential model) which uses second order channel
statistics like mean delay and root mean square
(RMS) delay spread. The estimation of delay
parameters uses pilot symbols providing the low
computational complexity. Hence, the LMMSE
channel estimator with the approximated PDP is
suitable for real time applications like Wi-MAX
system. But still this method degrades the
performance of the system due to correlation
mismatch and the estimation error of the channel
delay parameters.

Hence, we propose the method called a PDP
estimation technique for the LMMSE channel
estimation (i.e., wiener filtering) of MIMO-OFDM
systems, which minimizes the correlation mismatch
in frequency domain. This improved technique uses
only the pilot symbols of all transmit antenna ports
to estimate the PDP with low computational
complexity.
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In addition to this, the proposed technique effectively
reduces the distortions caused by null subcarriers and
an insufficient no. of CIR (Channel impulse
response) samples. Thus the simulation results shows
that the performance of LMMSE channel estimation
using the proposed PDP estimator is much better than
the other PDP estimation schemes like MLPDP
estimator and an approximated PDP (Uniform or
Exponential) estimator.

2. System Model

MIMO-OFDM system with P transmit and Q
receive antennas and K, total sub carriers are
considering here. Now let us assume that, in order to
control interferences with other systems, MIMO-
OFDM system transmits Ky subcarriers for data and
pilots with K-Ky virtual subcarriers. In MIMO
systems, the channel impulse response (CIR)
corresponding to different transmit and receive
antennas may have the same PDP.

Let us consider the pilot subcarriers used to be a
QPSK modulated signal from known sequences
between the transmitter and receiver which is
represented as Cp (kp, ny) for P™ transmit antenna at
npth OFDM symbol. Fig.2 shows the pilot symbol
arrangement in a physical resource block (PRB), that
are distributed over a time and frequency grid, to
retain its orthogonality among different transmit and
receive antennas.

frequency

| PRB (12 subcarriers)

|:I Pilot subcarriers
l:l Data

I subframe (14 OFDM symbols)

Fig 2: Pilot Symbol Arrangement in a physical
resource block (PRB) of the LTE OFDM system.

Let kpeF, represents the index set in
frequency domain and n,eT, represents the index set
in time domain for the pilot subcarriers of the p™
transmit antenna port. At the npth OFDM symbol, the
number of pilot subcarriers may be defined as K, =
IFyl. Prior to the transmission of pilot inserted OFDM
symbol over the wireless channel, an inverse fast
fourier transform (IFFT) and addition of a cyclic
prefix (CP) has to be performed. The use of CP in
MIMO-OFDM system prevents the inter symbol
interference (ISI) and also inter carrier interference
y(c.
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Let us assume that the length of C,, L, is larger
than the delay spread of the channel, L, making the
channel vector circulant (i.e., Ly = L,). After perfect
synchronization at the receiver, the removal of CP
and FFT operation has been performed. The received
pilot symbol for the g receive antenna can be
expressed as
Fohpg + Ng

Yolnp] = diag(xp)

[1

Where x, is a pilot vector at the n,”” OFDM symbol
for iweF, and k= 1,2,....K, and is given as x, =
[Co(inng), Cp(iz,ng)........ Cp(iKp,np)]T. diag(xp) is the
K, = K, diagonal matrix whose entries are K,
elements of the vector x,, Fy is a K, = Ly matrix with
the (i, I)™ entry and is given as [Fol i) =1/ VK exp
{-i27 ill/K} where ieF, and 1= 0,1,...., Lg-1, hp,q is
an Ly % 1 CIR matrix at the p™ transmit antenna and
q™ receive antenna and is given as h,q = [ hyq[n,,0l,
hpq[Np, 1] hpo[NpsLen], 01" ()7 represents the
transpose operation. nq is a complex Additive White
Gaussian Noise (AWGN) vector at the g™ receive
antenna with each entry having a zero mean and
variance of & 2.

3. Proposed Method for PDP estimation

A. Derivation of the PDP in MIMO-OFDM systems
The CIR estimates at the (p,q)™ antenna port can be
estimated approximately from [1] using the
regularized least squares (RLS) channel estimation
with a fized length of L; as

h™rpq = (FHpr + (ILg)'lFdeiag(Xp)qu[np]
= Wres,p,Ya[Dp]
[2]

Where € = 0.001, which is a small regularization
parameter, ()" represents the transpose and conjugate
operation of a vector or matrix and I 4 is Ly X Lg
identity matrix. F,” F, in equation 2 is ill- conditioned
due to the sparsity of pilot tones in the frequency
domain and the presence of virtual subcarriers. From
the estimated CIR in (2), the PDP can be derived and
the ensemble average of 1" g ,q h™" g ,qiS given by

E{bryohl, ) = WRn WY 4 02 Wprs ;Wi s .

[3]

Where Ry, = E{h,4h"; o} and

W = (F," Fp + el )™ Fy"' Fy. The PDP of multi path
channel within the length of L, is represented by Ryp,
which is the diagonal elements of the channel
covariance matrix and is expressed as Ry, = diag(py),
where p, = [Po s Pz ---s Prem O, ..., 0] " and
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P =E{l hp,q[np,llz}. And all off-diagonal elements are
zeros. Unfortunately, the covariance matrix (Ryy,) is
distorted by an ill-conditioned matrix (W) due to the
presence of F,” F,. Thus, instead of calculating we
investigate the method for eliminating the spectral
leakage of W.

The covariance matrix of the estimated CIR is
defined as

R;,=WR;,,W"

which can be expressed as

L_(
R = > Wdiag(pra)W"

,—1
=0
(4]
Where u, is a unit vector with the I entry being one
and otherwise zeros. Let p, and t; be the Ly =1
vectors defined as p,- = Dg(Ryw) and t, = Dg(W
diag(u) W"), respectively, where Dg(A) is the
column vector containing all the diagonal elements of
A. Then, the relation in (4) is simplified as

P = Poto + pits + ... + Prgatig:s = Tpn
[5]
where T= [to, ty,....tg4] is defined as a distortion
matrix by W. It is noted that the distortion matrix isa
strictly diagonally dominant matrix, satisfying

I[Tlal > Xj=i I[Tllfor alli j,

since the non-diagonal elements of T are composed
of the leakage powers of u; for all i. From the
Gershgorin circle theorem, a strictly diagonally
dominant matrix is non singular in addition, the
distortion matrix is a well conditioned matrix. Hence,
the distortion of W can be eliminated as

(6] P = Tp » = E{gpalmel} - On’W
where  gpq[np] = T'Dg(h’rpq h™rpg) is defined as
the received sample vector for estimating PDP at the
(p,q)th antenna port on the npth OFDM symbol and
erqual to T_l Dg(WRLS,pWHRLS,p)-

B. PDP estimation in practical MIMO-

OFDM systems.

The received sample vector in [6] can be expressed as
] galne] = Dglhpah™ha) + Mg +  epg

7

From the above equation, we assume that n,q is an
effective noise by AWGN and is given as

n‘p’q = T_ng(WRstpnanqWHRLS,p) and
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ep'q :2Re{ T_lDg(WRLS’pnanqWHRLS,p)}.

Here, Re{a} denotes the real part of a. Then the
sample average of g, 4[n,] is given by

Tel P @

Z Z Zp,q[np]

np=1p=1g=1 [8]

Y

(Epalmplly = %

= <D9 (hp-qhgq) >\ + (Npg)y + (€pady

Where N £ T, IP,Q represents the total no. of samples
for PDP estimation. Tyl is the no. of pilot symbols at
the k," subcarrier in a time slot.

Since, .

(Da (hy 01)) . — i (Ppg)y — W, and (epq)y = 0 the
PDP can be perfectly estimated, where N is
sufficiently large. However, in order to obtain such a
large no. of samples, it is difficult for a receiver of
practical MIMO-OFDM  systems. With an
insufficient no. of samples, the PDP can be
approximated as pn = (Dg (hpahgl,))

To improve the accuracy of PDP estimation with
insufficient samples, we reduce the effective noise as
follows.

e 0—721'5" = <D9 (hp-qh;ﬁq)}N +ZN
[9]
Where 2V = (€pq)y + (Dpg)y — 2 W s defined as a
residual noise vector, in which each entry has a zero-
mean. Then, the error of PDP estimation with N
samples can be calculated as

én = ((Dyg (hp-qhgqr».w —Pn) T 2N
[10]
Since [Pn]i=0 for all i, the PDP can initially be
estimated as

L

Tl P @

ZZ Sp,q[Tp]

. 1
Pinit = T
ny=1p=1g=1

[11]
Where Sp,4[n,] is the sample vector of proposed PDP
estimator with the 1™ entry

_c,rj'f}:q [np] — o2w!
0

if gérq[np] > g2t

AT _
Sp.qlne] = otherwise [12]

Where Qfa.q[”p]: (8p.q[np]]; and w'= [‘?"].!_
To reduce the detrimental effect of residual noise zy,
the proposed scheme estimates the average of
residual noise at the zero-taps of Ph. At the Ith entry
of P/, the zero-tap can be detected as

t! — 1 if f)gﬂit < "3”1
z 0 otherwise

[13]

Bp=rt S ket .

where Pth=T; 2ui=0 Pinit js defined as a threshold
value for the zero-tap detection. Then, the average of
residual noise at the zero-taps can be estimated as
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| Led estimation with the imperfect PDP can be obtained as
~ 1
NR.avg = 37 puuttz N N
"N 1=0 Ep = E{(FLhpq — Wrph"isip.q) (FLhp,q — Wrph LS:p,q)H}
[14] - (FL_Wfp p)Dg(ph)(FL Wfp p)
+G Wpr F W fp
.‘\,-" _ Lg—1 [21]
Where V:=2.i=0 ? represents the total no. of
detected zero-taps. With the estimation of residual Where h'is,pq £ diag(Xp)Hyp[np]. Using the error
noise, the Ith tap of the PDP estimate, P",, can be covariance matrix, the frequency-domain MSE of the
expressed as proposed technique is given by
.Y A ﬁénz’t — 7 R.,avg if fjénéf = ﬁR,aug MSEf»P = TV(EP) / TF(FLDg(ph)FHL)
Prn = 0 otherwise [22]
[15]

Where T(E;) denotes the trace operation of E;. With

Then, the estimated PDP in [15] can be used to a sufficiently large no. of samples,e’pq, —0. Thus, the
obtain the frequency- domain channel correlation in MSE of the proposed scheme achieves that of wiener

the LMMSE channel estimator. filtering because Wy — Wy p.
The additional complexity by the proposed PDP

estimation technique is O(L?, + K, Ly + IT,/PQLy),
which mainly comes from computing [2] and [6].
When the pilot spacing is fixed in the frequency
domain, all entries of F, and T are constant. Thus,
From [15], the LMMSE channel estimator with the (F, |:H + oelLy) l|:H and T1 can be computed only
imperfect PDP, is given by once, *and their values can be stored. The additional
complexity is then reduced to O(L?, + IT,[PQLy).

4. Performance and Complexity Analysis

W ,=F Dg(p"n)F o (FyDg(p n)F p+o?nl Kp) ™

[16]
Where F_ is the K4 x Ly matrix and is obtained by 5. Simulation Results
considering the first Ly columns of the DFT matrix.
And p'h= pn + €lyg |s expressed as the estimated A MIMO-OFDM system with the physical layer
PDP, where the 1" element of ™y, is defined as parameters for downlink of 3GPP- LTE has been
considered. The MIMO-OFDM system utilizes four
. [en)i — firave if [EN]: > R.avg transmit (P= 4) and two receive (Q=2) antennas. We
“pdp = 0 otherwise assume that the pilots of the four transmit antenna
[17] ports are distributed as the time and frequency grid of
the LTE OFDM system as shown in fig.2. As per the
From the matrix inversion, (FyDg(p™n)F p+o%nlip)™ in data sheets of 3GPP LTE system, the parameters for
[16] is converted as downlink LTE are mentioned in tablel.
(FoDg(p n)F ytolip) = AT-ATFBFT AT S.No | Parameter Specification
[18] 1. Modulation Technique | OFDM
CAeH 2 2. Subcarrier spacing 5KHz
Where A = (F,Dg(p"n)F"5+0”sl i) and 3. Transmission Band | 5SMHz
B 2 Dg(e™pap) (Ig*F pA FoDg(E™pap)) ™ width
Then, the coefficient matrix for LMMSE channel 2. FET size 512
estimation with p~h can be rewritten as 5. Access scheme (DL) OFDMA
[\{\g]'p - Woptp * Werrp 6. No. of Sub carriers used | 300
7. Carrier frequency 2GHz
where = FLDa(p ) (F.Da(p)F o) s the 8. Length of CP (L) 40
opt, —_ n . -
coepff';cient matrix for v‘z/ieger filtering']) and V\?emp . Constellation - Mapping g4P§AK,’\i6QAM’
is given by Schem_es
10. Sampling Frequency 7.68 MHz
Werrp = - FLDg(pn)F oA FBF ,A™ _ _
+F Dg(e pap) " p(Fng(p WFtoZl) Table 1: LTE Downlink Parameters

20
[201 The Mean Square error (MSE) performance of

LMMSE technique using the estimated PDP is as

The error covariance matrix of LMMSE channel - . ; )
shown in fig 3, where all underlying links are
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modeled as extended typical urban (ETU) channel.
The performance of LMMSE technique using the
approximated PDP, which is uniform or exponential
model with the channel delay parameter estimation is
plotted. It is required to note that, the LMMSE
techniques using the estimated PDP shows better
performance than the conventional methods as this
technique reduces the correlation mismatch.

10° =

—— Estimated PDP
—— Constant PDP
—— Exp.PDP
—#— 1D LMMSE

10 \ T i i
0 5 10 15 20 25 30 35

—SNR

Fig 3: MSE Performance of LMMSE technique
using the estimated PDP over ETU channel

Fig 4 shows the MSE performance of the LMMSE
technique over the exponentially power decaying six
path Rayleigh fading channel model, where the
channel maximum delay (L), is variable. The PDP
of the channel model is defined as

E{|al, o[n][*}=-e!/mm
Forl =0, 4T, ...... SAtand At=L /5
Tms = L e /log (2 L o) & Sy is the normalization
factor, is given as S, = %, e V" . The performance
of the proposed scheme is better than that of the
existing methods.

__________________________

5 : :
—— Estimated POP
—— Constant PDP | -
—— Exp.PDP
—&— 1D LMMSE

= i i

i i i
5 10 15 20 25 30 35
—Lch

Fig 4: Performance of LMMSE technique using
the estimated PDP over 6 — Ray exponential
channel with variable channel maximum delays
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In fig 5, the MSE performance of LMMSE
technique using the estimated PDP for different
mobile equipment speeds ranging from 0 to 100
kmph at 30db SNR and doppler frequency = 9.26 —
203. 7 Hz is shown. All underlying links are modeled
as ETU channels. Fig 5 shows the MSE of
LMMMSE technique using the estimated PDP
achieves better results than the conventional methods
even at high Doppler frequencies.

-MSE

-| —s— Constant PDP
""""""""""""" —— Exp.PDP
I I

______________

I
0 10 20 30 40 50 60 70 80 90 100
—Mobile Speed

Fig 5: Performance of LMMSE technique using
the estimated PDP over ETU channels with
different mobile equipment speeds

Fig 6 shows simulation and analysis results of the
frequency domain LMMSE channel estimation with
various no. of samples for obtaining the PDP at 20db
SNR ( N = Il PQ). The simulation results
correspond to the channel estimation performance at
the first OFDM symbol of antenna port 1 is as shown
in fig 2. We obtain the analytic results by using the
coefficient matrix for LMMSE channel estimation
with the perfect or imperfect PDP at the antenna port.
In Fig 6, it is observed that the MSE of proposed
technique improves the MSE performance with an
increase in the no. of samples for PDP estimation.

—— Proposed PDP
—*— Wiener

MSE

i i i i i i i i
0 100 200 300 400 500 600 FOO 800 900 1000
Mo .of samples
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Fig 6: Simulation and analysis results of LMMSE
channel estimation over ETU channel with various
samples for PDP estimation

6. Conclusion

In this paper, a power delay profile (PDP) estimation
technique for the LMMSE channel estimator of
MIMO-OFDM systems has been proposed. By using
only the pilot symbols of all transmit antenna ports,
the proposed technique estimates the PDP with low
computational complexity. Also the channel impulse
response (CIR) estimates at every path of the MIMO
channels where used to obtain the PDP. In addition to
this, for accurate PDP estimation, this technique
effectively reduces the distortions caused by null sub
carriers and inefficient no. of CIR samples. The
simulation results shows that the performance of
LMMSE channel estimation using the proposed PDP
estimates is much better than the existing methods
like uniform or exponential PDP estimates.
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