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Novel Robust Optimization and Power Allocation of Time
Reversal-MIMO-UWB Systems in an Imperfect CSI
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Abstract— Time Reversal (TR) technique is an attractive
solution for a scenario where the transmission system employs
low complexity receivers with multiple antennas at both
transmitter and receiver sides. The TR technique can be
combined with a high data rate MIMO-UWB system as TR-
MIMO-UWB system. In spite of TR's good performance in
MIMO-UWRB systems, it suffers from performance degradation
in an imperfect Channel State Information (CSI) case. In this
paper, at first a robust TR pre-filter is designed together with a
MMSE equalizer in TR-MIMO-UWB system where is robust
against channel imperfection conditions. We show that the
robust pre-filter optimization technique, considerably improves
the BER performance of TR-MIMO-UWB system in imperfect
CSI, where temporal focusing of the TR technique is kept,
especially for high SNR values. Then, in order to improve the
system performance more than ever, a power loading scheme is
developed by minimizing the average symbol error rate in an
imperfect CSI. Numerical and simulation results are presented
to confirm the performance advantage attained by the proposed
robust optimization and power loading in an imperfect CSI
scenario.

Keywords—MMSE equalizer, Time Reversal (TR) technique,
MIMO channel, Ultra-Wideband (UWB) system.

[. INTRODUCTION

Ultra-wide band (UWB) systems have recently received
much interest from both research community and industry.
One of the main applications of UWB system is its ability of
high data rate transmission in indoor environments, where
remarkable temporal channel resolution and so, high
complexity of the receiver structure, are inevitable [1]-[2].
However, due to the wide bandwidth property, UWB
systems suffer from a very long delay spread of multipath
channels, especially in indoor environments.

On the other hand, transmission over a Multiple Input
Multiple Output (MIMO) channel has been shown as one of
the important techniques in modern communications because
of its high spectral efficiency [3]. In order to benefit a high
data rate system with high spectral efficiency, the UWB
system can be used in MIMO channels as MIMO-UWB
system. Time Reversal (TR) technique can be used to reduce
the long delay spread of the UWB channel. TR can mitigate
not only the Inter Symbol Interference (ISI) but also the
Multi Stream Interference (MSI) caused by transmitting
several data streams, simultaneously [4]-[6]. The main
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advantages of the TR technique are: temporal and spatial
focusing [6]. In temporal focusing, the received signal is
compressed in the time domain. Owing to this property, the
ISI caused by the original multipath channel is greatly
reduced. Also, in spatial focusing, the received signal is
focused on the intended user at some specific position which
is determined by the transmitter or user that uses the
corresponding channel to pre-filter the intended data signal.
In this paper, the TR technique is considered to overcome
both MSI and ISI in MIMO spatial multiplexing as a low
cost, low power and low complexity receiver solution.

In a MIMO-UWB system, we have Ny x Np multipath
channels between transmitter and receiver sides, where Ny
and Ny denote the number of transmit and receive antennas,
respectively. Obtaining the TR pre-coding waveform for the
m™ transmit antenna and Ny receive antennas is
straightforward [4]. First, a sounding pulse is sent through
all the Ny antennas from receiver to the transmitter. Second,
the received signals at each transmitter antenna are then
recorded, digitized, and time reversed. If the sounding pulse
is sufficiently short, we can directly use the time-reversed
version of received signals as the TR pre-coder. Otherwise,
deconvolution effort is necessary to remove the pulse effect
from the received sounding signal [4]. Practically, if we use
the deconvolution efforts (e.g. CLEAN Algorithm [7]-[8]);
some errors may be caused in the channel estimation. In
spite of TR's good performance, it is very sensitive to
erroneous Channel State Information (CSI). Therefore the
improved algorithm should be considered in a TR-MIMO-
UWB communication system in imperfect CSI.

Most of the research on TR pre-coding assumes that
perfect CSI is given at the transmitter side [5], [9]-[10].
Authors in [5] proposed an antenna selection scheme for
TR-MIMO-UWB communication system in a perfect CSI
case to reduce the number of transmit antenna. Also, a
MMSE equalizer is used for TR-UWB system with perfect
CSI in [9] to mitigate the residual ISI and increase
transmission data rate. Some power loading schemes are
used in [10] for TR-MISO-UWB system with perfect CSI.
Unfortunately, these methods suffer from the effects of the
imperfect CSI in the transmitter.

On the other hand, the imperfect CSI has been considered
in some of the research on TR-MIMO-UWB system,
especially in recent years [6], [11-14]. The effect of channel
imperfection on the TR-MIMO-UWB system performance
has been evaluated in [6] for low and high data rate
transmissions. Authors of this literature have practically
shown that the TR system is almost robust in imperfect CSI
where the robustness can be obtained with performance
degradation. In the mentioned reference when the noise level
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of channel estimation is noticeable, using the TR method
cannot yield satisfactory performance. Unfortunately, an
optimization scheme has not been provided in this literature
to overcome the effects of the channel imperfection. In this
paper, we propose a pre-processing method as robust
optimization to compensate the estimation error in an
imperfect CSI scenario for MIMO-UWB systems.

The robustness of TR technique in imperfect CSI caused

by a time varying channel environment has been studied in
[11] by experimental results. It has been shown that, if the
channel maintains some partial correlation with the previous
channel, the TR method can give a good performance even if
the total correlation of the channels is very low. But if the
correlation of the channels is not available, they have not
proposed a theoretical solution for system performance
improvement. Also, a post-time-reversed MIMO-UWB
transmission scheme has been proposed in [12] which
improves the TR robustness against imperfect CSI caused by
channel estimation error when compared with the
conventional TR scheme. We propose simpler robust
optimization schemes, in this paper, with the same attained
performance. Also, in our previous works [13]-[14], we had
provided the pre-filtering solutions for the channel
estimation error compensation by wusing the channel
estimation error covariance matrix for the Single-Input
Single-Output (SISO) Time Reversal UWB systems. In this
paper, similar approaches (pre-filtering method) with a
procedure different from these literatures are used to
analysis and improve the TR-MIMO-UWB systems in an
imperfect CSI scenario. Therefore, based on mentioned
researches on TR pre-coding and also, works of [13]-[16],
this paper proposes a novel pre-filter optimization and
power allocation scheme at transmitter side to improve the
TR-MIMO-UWB system performance in an imperfect CSI
scenario.
The rest of the paper is organized as follow; we introduce
the system model in Section II. In Section III, a novel robust
optimization scheme is derived based on a MMSE equalizer
in the TR-MIMO-UWB system. The power adaptation
policies optimizing the average symbol error rate
performance are derived for imperfect CSI in Section IV.
Numerical and simulation results characterizing the
performance of the proposed methods are presented in
Section V, and finally, conclusions are drawn in Section VI.

II. TR-MIMO-UWB SYSTEM MODEL

The TR-MIMO-UWB system is depicted in Fig. 1 with Ny
transmit and Ny receive antennas. Let us consider a UWB
system using binary pulse amplitude (BPAM) modulation
with pulse shaping according to FCC desired power
spectrum density [1]-[2]. The input signal is converted into
Ny streams, pre-coded with TR pre-filter, and then sent to Ny
transmitting antennas, simultaneously. The resultant signal
passes through the multipath MIMO channel and then, is
corrupted by an AWGN. Thus, there are Ny x Np multipath
channel between transmit and receive antennas. For
simplicity of analysis, we assume that the maximum length
of each channel realization is L [5]-[6]. The TR pre-filter is
used in the spatial multiplexing UWB system in order to
cope with the ISI and MSI problems. Finally, after passing
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the received signal through the MMSE equalizer, the data
stream is detected based on a threshold value vy .

The effect of channel estimation error can be considered as

H=H+A4H where H s H and AH are the true value,
estimated value and estimation error of the channel impulse
response (CIR), respectively. It is assumed that the entries of
AH are i.i.d. random variables with zero mean complex
Gaussian noise. The pre-filter with respect to the estimation

errors can be modeled as Hy = Hy + Fo where H,, H;
and F, are the robust TR pre-filter, the conventional TR

pre-filter and the compensator pre-filter, respectively. The
estimated CIR between i-th transmit antenna and j-th receive
antenna can be denoted as

L
hy(0)=Ya/5(t-%]) ; i=1..Ny , j=L..Ng (1)
=1

where @; is the estimated amplitude, 7, is the delay of the /-

th tap and L is the maximum delay spread. The discrete time
vector form of CIR in reversed order is denoted

as:lﬂt[-j:[le-j[L—1],...,%[1],...,};y-[O]]le. Also the estimation

error vector of the CIR is defined
as: dhy; = [Ahy[L =1],..., Ahy[1],..., Ay [0]];,, where i=1,....Ny

,j=1,..,Ng and [=0,..,L-1. In matrix form we have [5]

i’ll ’;21 i’N,l
e 12}2 ﬁ?z fty,z
i’lNR I;ZNR I;N, Ne N ox,L
Ahy,  Ahy, Ahy |
P
Aby  Ahyy Ahy y

® /N xN,L

If estimated CIR of all channels /&, are known at the

ij
transmitter side, time reversed version of them are used to
pre-filter the transmit data. Thus we can construct the pre-
filter matrix based on the time reversed form of the
estimated channels which is an N7L xNp(2L—1) matrix as [6]

Hu Hp Euvk
A H H H
i, - '21 '22 2.NR

Eer Eer ENTN

# /N, LxN, (2L-1)

where each sub-matrix E;,- is an Lx(2L—1) Toeplitz matrix
defined by [6] as

Byl0) e ylL-1 0 0
o iy hIL-11 0 0
Hj=| : . K :

0

0o - 0 7y 0] hylL-1]

Lx(2L-1)
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Fig. 1. Block diagram of TR-MIMO-UWB system.
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then each sub-matrix F,, is an Lx(2L—1) Toeplitz matrix

defined by
1410] =10
_ 0 fl0] flL=1 0
Fij=| : .
. ' 0
0 0 S;10] Sill=1]

Lx(2L-1)
The goal is the calculation of the error compensator
matrix F, with the assumption that the probability

distribution of the error coefficients are
as: Ahg[1]~ CN(0,0;). Also, C,y =E{AH"AH} and
E{4H} =0 are assumed to be known.

The received symbols vector at the MIMO channel output
with TR pre-filter can be written as y = Hyx+n where

T
X =;[xl,x2,...,xNT] N

v,
T
n=[n,n,,..ny ]

symbols, the received symbols, AWGN noise and equivalent
TR response, respectively. The vector x contains i.i.d.
random variables with mean E{x}=0 and

T
y= ﬁ[J’h)’zam,)’N,{] )

and H;, = HH, are the transmitted

zero
variance E{xx" }=O'il . For simplicity of analysis, we
assume n ~ CN(0,62I), o2 =1 and also, the antipodal

modulation is considered.

I. RoBUST TR OPTIMIZATION BASED ON MMSE CRITERION

It is desired to calculate the error compensator pre-filter F,
CSI with the assumption that the
matrices H, Hy and C g are known. The error vector is

in an imperfect

considered as the difference between the transmitted
symbols and the detected symbols, ase=x—x. Thus
MMSE solution should minimize the cost

function E{|e|2} =E{x- x|2} with respect to pre-filter F, .

For simplicity of analysis we use the orthogonality principle,
instead of the MMSE solution [15]. In this case, the

orthogonality principle can be considered as E{ex’} =0 in

which we obtain E{xx"} = E{xx"} .

By considering the MMSE equalizer in the receiver side, the
estimated symbol x can be expressed as [9]

. |
X=(ngHTR+;I) ngey 2

2

where p :0—’2‘ is the signal to noise ratio. By using (2), the

n
cross-correlation between the estimated and the transmitted
symbols can be calculated as

Eix"} = o3 E{(pH iz Hp + 1) (0H 1z Hrp)} (3)
Because pH £ H  is symmetric, we can use the following
approximation [17]

(P Hg o g+ 1) = () * == () 1 ()

Thus, by using the above approximation, (3) can be written
as

2 2
E{fcx”}=%E{(H%Hmrz}—%E{(H%Hmr‘}wil Q)

As a result, based on the orthogonality principle, i.e.,
E{xx"y = E{xx"} we obtain
1
E{H7gH} =—1 (©)
P
where Hy, = HH + HF, + AHH, + AHF, is the equivalent

TR channel response matrix of size Ny XNy (2L—1) which is
given by

hi o ZNRI

h2  hx hy, 2
Hpy = . . .

Zwk Zsz ZNRN

® )N xN, (2L-1)
1x(2L-1)
correlation (i = j) or cross-correlation (i # j) vector. Note

where each vector h; is a auto-

that, the peak value of auto-correlation is located at the L™
index. By TR method, the desired auto-correlation part in
the equivalent CIR for the TR-MIMO scenario forms a
strong peak and dominates in the L™ sample of the received
signal captured by any antenna [6].

We assume AHand H are mutually
Substituting H, into (6), we have

AT AR, + AT AYAF, + FTRTRA, + FY AT AF,

independent.

R . . (7
+HIC yH, + HEC \yFo + FEC g Hy + FECyy F, 1y
P
With some manipulating of (7) we have
R A 1 o~y =
(HT+FC)(HT+FC)H:;(HHHJ"CAH) : )
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Finally, the elements of the estimation error compensator
matrix F- can be obtained from compensated pre-filter

matrix Hp :PAIT+FC as
1 ~pyn -

HHY' =—(H"H+C )" ©)
P

where the non-square complex-valued matrix Hycan be

found through the singular value decomposition (SVD) of
(9) as follows [18].
Given the N7zLXNg(2L—1) matrix H;, let U be the NzL X

NzL matrix whose columns are the orthogonal eigenvectors
of HrHY , and Vbe the Np(2L—1)xNix(2L—1) matrix
whose columns are the orthogonal eigenvectors of H H .
Also, let” be the rank of the matrix H,. Then, there is a

SVD of HpasH,=UXV" where the eigenvalues

Asees Ay of H H{f are the same as the eigenvalues of

-

H} H, and also, for1<i<r,leto; =4 , with "7 = 7l
Then the N7LxNp(2L—1) matrix 2. is composed by setting
2 =0; forl<i<r, and zero otherwise. Thus based on (9)
we have H HY =UYV v U =uL " U" | that is,
the left-hand side is a square symmetric matrix, and the

right-hand side represents its symmetric diagonal
decomposition. The values o are referred to as the singular

of H;. Then for ) we
vxx?ut :i(ﬁHIAJ+CAH)71. As a result, the above

values have

discussion in the calculation of H, from (9) can be

expressed as the following subroutine in which a pseudo-
code is presented for the numerical implementation of the
proposed robust TR optimization algorithm based on MMSE
criterion. This code is expressed as

e Compute the SVD of matrix i(IAJHPAI—i-CAH)*l in
(9) and order its singular values, ie.,U;, 2,
andV, as [U,,X,,V;] =svd{%(f}”ﬁ1+cAH)*‘}.

e SetU =U;,.

e Construct a

ZETro matrix as

Oizeros(NTL , Np(2L-1)-NL).
o SetX =[sqrt(2;) O].
e Compute the SVD of matrix H rand order its
ie, Uy, 2, and V,
as:[U,, Y. V,] = svd{H;} .
o SetH, ~UYV,.

singular  values,

1. POWER LOADING

A. In Conventional TR-MIMO-UWB System

In transmission over parallel channels, it can happen that we
are faced with sub-channels that would require enormous
transmit power to achieve acceptable bit or symbol error
rates, especially in an imperfect CSI case. In this case it is
beneficial, given the fixed amount of transmit power
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available, not to aim for equal error rates in all sub-channels,
but perform an optimum power loading by minimizing the
average bit error rate [16]. Some power allocation schemes
are proposed in [10] to reduce the delay spread of the
channel impulse response in the TR-MISO-UWB systems.
Authors in [10] did not consider imperfect CSI case and also
ISI and MSI effects on system performance in which their
analysis is true in ideal and fantastic case. Therefore, based
on previous findings such as [15] and [16], we propose a
new power loading scheme for TR-MIMO-UWB systems by
minimizing the average bit error rate (BER) at the receiver
in an imperfect CSI scenario.

The received signal at the MIMO channel output with TR
pre-filtering, as mentioned in Section 2, without the channel
estimation error compensation is given by

y=(H+AH)H;x +n (10)
where AH and n are assumed mutually independent and

. . . +th .
uncorrelated matrices. The received signal at ;" receive
antenna can be expressed by

NT P—
Yi= th/ Hjx,

i=1

Signal
Nl NR A — N[ NR PR— (1 1)

+ Zhinikxk +Z ZAhinikxk+ ZL
i=1 iil i=l k=1 Noise
J W
v/
Interference

The first part of the received signal is the desired data
symbol. In this part, the equivalent channel is the

autocorrelation of channels. Also, v; and w; are the

interference from other symbols and the interference from

the channel estimation error, respectively. In v;and w;

parts, the equivalent channel is the cross-correlation of
channels, which is small generally in comparison with the

former. Also, v;and w; terms in (Il) appears as

interference which degrades the performance of TR-MIMO-
UWB system, especially in imperfect CSI. Some of this
interference can be reduced by a MMSE equalizer, but, we
try to maximize the Signal to Interference plus Noise Ratio
(SINR) more than ever by a power allocation scheme. The
SINR at the /™ received antenna is given by

N, 2
2 hiHi (12)
i=1 3
SINR; = 2 :
NN NNy | 2
hyHie| +E{> > Ah;Hi HE{H"J'HF}
i=l k=l =l k=l r
k#j F

where ||0|| F denotes the Frobenius norm. If we define

A —
R;=h;H as auto-correlation vector of the channel vector

A A L — A
hjand, Cy = h;H i as cross-correlation vector of h; with
k#j ’

other sub-channels then, the SINR at the ;" received antenna
is expressed as
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N, 20—
Z Z LXG 1
SINR; =551 i=1 =0 T (13)
€ +L02222|h,k<z)| ol
z:ll]zl] =0 i=1 k=11=0

where the estimation errors of the different sub-channels are
assumed to be mutually independent, i.e., dh;114h,,

where [ is the symbol, standing for mutual independence. If
the channel estimation is perfect and also, because of
focusing property of TR, we can neglect the interference
part. Then the SNR is

N, 20-2

> X [rof
SNR; === (14)

Oy

Performance of the TR-MIMO-UWB system depends on
transceiver structure and the received signal properties, e.g.,
its  probability  density  function  (PDF). For
Lt > Snsec where t is time resolution of the channel, the

average numbers of paths is high, so using central limit
theorem, the sum of a large number of independent, zero-
mean random variables form a Gaussian PDF for the path
gain [19]-[20]. But for Lt, <5nsec path gain PDF isn’t

Gaussian and as the Lt increases, the non-Gaussian shape

tends more to Gaussian, and the densities become more bell
shaped [20]. According to the above discussion, the average
BER of the TR-MIMO-UWB system, assuming BPAM
modulation, can be derived approximately from Eq. (13) as

BER ~ —Z 0\, /2SINR] p;) (15)
T Jj= =]
N[
where p;, Pr :Z pyand Q(x) are the transmit power
j=1

assigned to ;" transmit antenna, the total transmitted
available power and the Marcum Q-function, respectively.
O(x) is defined as

1 +00

O(x) = —— [exp(~1* /2t (16)
V27m

For simplicity, we assume Gi =1, so thatP, =N, . The

optimum power allocation vector P =[py,...py. 1" that

minimizes the average BER, when an imperfect CSI is
presented, can be obtained by introducing the Lagrange
function as

= —ZQ(,/ZSINRJ[JJ )= A(Ny - ij (17)
Nr o
With partial derivative we obtain
exp( —SINR.p.)+ A (18)
apj ZNT\/_ 7

Solving dLg /0p; = 0 for p;, we can allocate the power to

each transmit antenna in a manner that
1

4N P 7

(19)

- exp(SINR
SINR, p( Pj)=

and finally
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1 ;1
(A) = W((SINR,)> ——— (20)
r;(4) SINR, ((SINR;) 4N%/12;r)

where W (x) is the real valued Lambert’s W-function defined
as the inverse of the function f(x)=xexp(x)forx>0, i.c.,
W(x)=a<> aexp(a)=x [21]. Since the W(x) function is
real and concave, the unique solution for power allocation
vector can be found by the following simple iterative
procedure [22]

e Choose a positive A, which fulfils

N,
1
Z(S[NR )2— <P (1)
=l TA V1
e C(Calculate
N 1
P = W((SINR ;)* ————— 22
d ;SINR_/. (SINRy) 4N%,127z) 22

o If P is not yet sufficiently close to P then
multiply 4 by P/ ﬁ’T and go back to step (2).
e Compute P =[p;,..., py, 1" according to (20).
Note that since W (x)for x >—1/¢ is a monotonic function
then according to (20) the highest powers (max p;) are

assigned to the weakest signals so the SINR values
approximately stay constant for all sub-channels.

B. In Robust TR-MIMO-UWRB System

Proposed power loading scheme presented in Section 4.1
can be combined with robust optimization strategy
mentioned in Section 3, but TR pre-filter should be
calculated in an imperfect CSI scenario. In this case, Eq.
(10) can be rewritten by considering the compensator pre-
filter as

y=(H+AH)(H} +Fc)x+n (23)
The received signal at j-th receive antenna can be expressed
by

N, R _
y; =D (hyHy+Ah; Fy)x;

Signal (24)
N, N, N, Ny _ R
+z Z(hUH:k + A Fi)x, +> > (Ahy Hie + iy Fio)xg +
i=l t:lj =l k=l N:;e
Interference
Then, the SINR at the j-th receive antenna is given by
N. 2 N. 2
Zfli/-Hg/ + ZAhl-/-Fg/ 55
SINR, = = r 12 r (25)
Ny N, J—
2.2 by Hi ZZ”UF“ +dh; + Effn H
il k=l i=l k=1
k#j F
Where the value dhj is defined as
2
N, N, . N, N,
dhj:E{ZZ hy; H i ZZ h; Fi (26)
i=1 k=1 Foli=t k 1

F
. A, —

In addition to R; and Cy; , if we define Cj, =h; F i as cross-

vector of

correlation l;,-j with
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S =Lfwl0L,c, fil11s-os i [L =111, Where k # j, then, the
SINR at the /™ receive antenna is obtained as

L-2 5 N, L-1 2
Ry +L0? 33 |fy0)
SINR; =~— =1 120

>5
i=1 =0
r Np 2L-2 5 N, N 2L-2
PHIPN AT ED NI
i=1 k=1 [=0 i=l k=1 [=0
k#j

27

Ci (O +dh; +0?

where dhj is obtained as

Ny Ni L-1 2 N, N, L-1 5
dhj:Laf;;;‘hik(l)‘ +L03;kz;§|fik(l)| (28)
k#j

in which the estimation errors of the different sub-channels
are assumed to be mutually independent, i.e., 4h; H4n,, .

Power loading scheme can be obtained in the robust
optimized system by replacing Eq. (27) into Egs. (20), (21)
and (22), and using the iterative procedure mentioned in [8].
If the channel estimation is assumed to be perfect, we can
neglect the interference terms caused by the channel
estimation error, and then the SNR can be written as

Ny 20-2 5 N, -1 5
PO ACESEHWINAC
i=1 /=0

_ =1 [=0
SNR; = -

O-n

(29)

As it can be seen from (29), SNR; values are larger than its
counterpart in Eq. (14). Increase in the SNR; values in Eq.

(29) relative to Eq. (14) is because of the error compensator
coefficients f;;(/) obtained in robust optimization scheme in

Section 3. Therefore, it is expected that the power loading
scheme in robust optimization, outperforms relative to
conventional TR-MIMO-UWB system in an imperfect CSI.
This expression will be denoted by simulation. If F. =0

then we obtain the power allocation scheme in conventional
TR-MIMO-UWRB system in an imperfect CSI scenario.

III. SIMULATIONS AND RESULTS

To evaluate the performance of the proposed optimization
methods (robust optimization and power loading) for the
TR-MIMO-UWB system, Monte Carlo simulations are
conducted in this section. As in [5], the second-order
derivative of Gaussian pulse has been used as the transmitted
pulse p(¢),, which is mathematically defined as [5]

-t
27 (—= )2

p()=[1-4r(=Leype T (30)
T,

where 7, is a parameter corresponding to pulse width, and ¢,
is a time shifting of the pulse. In the following simulations,
we consider T,=5ns, and t, =2.5ns. Also, one pulse per
symbol is assumed, i.e., symbol duration 7 is assumed
Snsec where is equal to transmission rate of 200Mbps with
BPAM modulation and also, sampling time ¢, =0.167nsec

is considered. We assume that the signal is transmitted over
UWB channels and perfectly synchronized at receiver. The
most widely adopted UWB multipath channel model has
been proposed by the IEEE 802.15.3a Task Group [23-24].
According to this proposal, slow fading, dense multipath and
quasi-statistic are the key features of the UWB channel. Four
scenarios were proposed: CM1-based on line of sight (LOS)
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0—4m length, CM2-based on non-LOS (NLOS) 04 m,
CM3-based on NLOS 4-10 m, and CM4 based on an
extreme NLOS environment. As in [5], we use the IEEE
802.15.3a CM4 channel model for each channel in
simulations to evaluate our proposed solutions in the worst
case scenario of the indoor multipath channels.

To optimize the TR-MIMO-UWB system performance of
Fig.1 and to compensate the channel estimation error by pre-
filter, we use the robust optimization scenario mentioned in
Section 3. The entries of AH are assumed to be zero mean
i.i.d. complex Gaussian random variables. In our
simulations, we consider 3 values for the estimation error

variance as o> =0.1, 0.2 and 0.3 . The performance of un-

coded TR-MIMO-UWB system with robust optimization
scheme is shown in Fig. 2 in imperfect CSI. It can be seen
that, for the particular values of the estimation error variance
considered in this section, the BER performance of 2 x 2
TR-MIMO-UWB is considerably improved. For example,

witho? =0.1, the SNR can be improved about 4dB at the

average BER=10".
In Figs. 3 and 4, the equivalent CIRs for a 2 x 2 TR-MIMO-
UWB system are compared in perfect and imperfect CSI

where o2 =0.1 is assumed. It should be noted that the

signal transmitted over the desired channel is focused into a
narrow time instant, while ISI channel spreads the signal.
This property is useful for ISI mitigation when the signal is
transmitted over long delay spread channel [5]. But
according to Figs. 3 and 4, in an imperfect CSI, the delay
spread of the equivalent channel is increased as compared
with perfect CSI. This channel imperfection degrades the
performance of TR-MIMO-UWB system. As it is shown in
Figs. 3 and 4, the time focusing feature of the TR technique
in the robust optimized TR-MIMO-UWB system is yet
preserved. Figs. 3 and 4 denote the temporal focusing
property of TR technique in four sub-channels, before and
after the robust optimization. Someone can understand the
time compression of the energy (power) at the center of the
compressed equivalent TR response from these figures. But,
it might be possible for another one to feel and understand
the time focusing of TR method by focusing gain better than
the plotted figures. For more understanding of this,
according to [25]-[26], focusing gain (FG) is defined as the
ratio of the strongest tap power to the total tap power of the
received equivalent TR response. If we define the equivalent
TR response between i-th transmit antenna and j-th receive

antenna as hy = [hy[~(L—1],..., hz[0],.... ki [(L=1)]], then
focusing gain ( F'G;) according to [25]-[26] is given by

o ‘Z,-,»[O]‘z

> st

I=—(L-1)

FG (€29)

We obtained this ratio by averaging over 100 multipath
channel realizations between transmit and receive antennas
and tabulated in Table 1. As it can be seen from Table 1, the
FG in robust optimized TR scheme is more than the
imperfect CSI case and less than the perfect CSI scenario.
This result proves the performance improvement of Fig. 2
and the temporal focusing of Figs. 3 and 4.

In addition to the robust optimization scheme, we use the
89
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proposed power loading solution mentioned in Section 4 to
improve the TR-MIMO-UWB system performance more
than ever. In Fig. 5, we can observe the performance of the
proposed power loading for the robust optimization. As can

be seen from this figure, for instance ino” =0.1, the

performance of power loading is noticeable, especially for
high SNR values. Also, as it can be seen from Table 1, the
FG in the power loading scheme is more than the robust
optimization scheme. This means that the power loading
method outperforms the robust optimization scheme. For
validity of this, as it can be realized from Fig. 5, the power
loading scheme has better performance relative to robust
optimization method, especially for high SNR. Such as,

according to Fig. 5, for o-e2 =0.1, the power loading scheme

substantially outperforms the robust optimization method
about 2dB SNR at the average BER=10".

—©— Imperfect CSI, Var=0.1
I —— Imperfect CSI, Var=0.2
—A— Imperfect CSI, Var=0.3
==©-=" Robust Optimization, Var=0.1
-=&-- Robust Optimization, Var=0.2
=== Robust Optimization, Var=0.3
e

o —

SNR(dB)
Fig. 2. BER performance of 2x2 TR-MIMO-UWB with robust
optimization.
1 T T T T
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E 0 AR Y
f I
I JOR A I I
05 | | | | |
-150 -100 -50 0 50 100 150
Time(ns)
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(b) : : : Perfect CSI [5]
05k ——— -1 ___J o || —* Imperfect CSI, Var=0.1
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Fig. 3. Plotting (a) /11 and (b) Hh21 of the matrix H, (Impulse

response of 2 x 2 TR-MIMO-UWB equivalent channel with pulse
shaping).
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TABLE L
COMPARISON OF THE PROPOSED SCHEMES (ROBUST
OPTIMIZATION & POWER LOADING) IN FOCUSING GAIN TERM

BEFORE AND AFTER OPTIMIZATION FOR o 82 =0.1

Sub-channel  Perfect  Imperfect o Er?h’;ls; N Power Loading
Index csI CSI puouzatio Scheme
Scheme
le 0.6621 0.2264 0.3740 0.5643
221 0.0792 0.0236 0.0375 0.0534
le 0.0769 0.0214 0.0332 0.0521
222 0.6577 0.2163 0.3565 0.5536

1 T T :
(@ } } } Perfect CSI [5]
) 0577777\777777\ 77777 || —*— Imperfect CSI, Var=0.1
2 ! | ! Robust Optimization, Var=0.1
=2 | F ) t | T T
2 ofm
| ] |
| | |
05 I I I I I
-150 -100 -50 0 50 100 150
Time(ns)
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® | Perfect CSI [5]
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2 Robust Optimization, Var=0. 1
o
2
|
|
05 I I I I I
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Fig. 4. Plotting (a) zlz and (b) 522 of the matrix Hp (Impulse

response of 2 x 2 TR-MIMO-UWB equivalent channel with pulse
shaping).

2x2 TR-MIMO system with Spatial Multiplexing & BPAM Modulation
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—+— Perfect CSI [5]
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SNR(dB)

Fig. 5. Power loading in robust optimization for imperfect CSI

andO'e2 =0.1.

IV. CONCLUSION

The imperfect CSI effects, caused by channel estimator
error, on TR-MIMO-UWB system were considered in this
paper. At first, a pre-filtering approach as robust
optimization scheme based on MMSE equalizer is
developed. We observed that the robust optimization
technique considerably improved the BER performance of
2x2 TR-MIMO-UWB system, where temporal focusing
feature of the TR technique in the robust optimized TR-
MIMO-UWB system was kept, especially for high SNR
values. For instance, 2 x2 TR-MIMO-UWB system with the
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proposed robust optimization scheme was improved about
4dB SNR at the average BER=10" for o> = 0.1. Then, the

power loading strategy was proposed for the imperfect CSI
and the robust optimized cases. It was observed that it
brought a performance gain in the 2x2 TR-MIMO-UWB
system in an imperfect CSI scenario and the robust
optimized system. Also, it was seen that the power loading
scheme has better performance relative to robust
optimization method, especially for high SNR. For example

in o-e2 =0.1, the power loading scheme substantially

outperforms the robust optimization method about 2dB SNR
at the average BER=10"".

Note that we proposed the general new solutions for the
wireless personal area network (WPAN) TR-MIMO-UWB
systems in this paper. It is clear that our methods can be
especially used in the extremely multipath indoor
environments as the short-range high-data rate transmission,
such as, downlink scenario of the access point to the
handsets in the indoor environments, the multimedia and
other high-data rate transmissions in a wireless home
networking and so on.
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