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Low-Complexity MMSE Channel Estimator for
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Abstract—Channel estimation is one of the key technologies
in multi-band (MB) Orthogonal Frequency Division
Multiplexing (OFDM) Ultra Wide Band (UWB) systems, which
has received more and more consideration. MMSE channel
estimation has been known as superior performance channel
estimation. However, this algorithm has high computational
complexity. In this paper, a modified MMSE channel estimation
for MB-OFDM UWB is proposed. We evaluate the
performance of the modified channel estimator in terms of the
bit error rate (BER) by computer simulations. It is shown that
the proposed channel estimator gives the best tradeoff between
performance and complexity.

Index Terms—MB-OFDM, UWB, OLR-MMSE channel
estimator.

l. INTRODUCTION

During the past few years, Ultra-wideband (UWB) has
promised as an efficient technology for future wireless
short-range high data rate communication. Federal
communications commission (FCC) has already allocated the
spectrum from 3.1 GHz to 10.6 GHz for UWB applications.
Due to its large bandwidth UWB has the promise of high data

rates [1].
In 2008 the WiMedia Alliance [2] working with ECMA
(the European Computer Manufacturers Association)

introduced the WiMedia MB-OFDM (Multiband Orthogonal
Frequency Division Multiplexing) UWB radio platform as
their global UWB standard. According to it, the available
spectrum (3.1 GHz — 10.6 GHz) is divided into 14 sub-bands.
Each sub-band of 528 MHz offers 480 Mbit/sec. In order to
introduce multiple accessing capabilities and to exploit the
inherent frequency diversity, each OFDM symbol is
transmitted on a different sub-band as dictated by a
time-frequency code (TFC) that leads to band hopping [3].
Thus MB-OFDM is considered to be the pioneer
implementation approach for UWB technology [4].

Further, an important block in the transmission chain is the
channel estimator which is very important issue for coherent
MB-OFDM UWB systems. Different type of pilot
arrangement as comb-type and block-type are presented in the
literature [5].

According to The first kind of pilot arrangement, the pilot
signals are uniformly distributed within each OFDM block.
Since only some sub-carriers contain the pilot signal, the
channel response of non-pilot subcarriers will be estimated by
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interpolating neighboring pilot sub-channels. Thus, the
comb-type pilot arrangement is sensitive to frequency
selectivity when comparing to the block-type pilot
arrangement system. Where, the pilot signal is assigned to a
particular OFDM block, which is sent periodically in time
domain. This type of pilot arrangement is especially suitable
for slow-fading radio channels [6]. Therefore, this study
investigates the block-type pilot channel estimation for
multi-band orthogonal frequency division multiplexing
(MB-OFDM) systems.

The channel estimator response is usually obtained by
either LS or MMSE estimates of training pilots. The MMSE
estimator produces much better performance than LS
estimators. A major drawback of the MMSE estimator is its
high computational complexity, especially in matrix
inversions. To overcome this drawback, the optimal Low-rank
MMSE channel estimator for MB-OFDM UWB system is
proposed to reduce complexity.

The rest of the article is arranged as follows: Section 11
gives base band implementation of MB-OFDM UWB system
and the channel model. The implementation of OLR-MMSE
and other algorithms (like LS and MMSE) is discussed in
Section I11. Section 1V describes the performance analysis of
different algorithms in term of complexity and BER, and
finally Section V draws up the conclusions.

Il. SYSTEM MODEL

Fig. 1 illustrates the transmitter and the receiver of the
MB-OFDM UWB system. They consist of two parts:
baseband and radio frequency (RF). The baseband of the
transmitter consists of a scrambler, a convolutional encoder,
a puncturer, a bit-interleaver, a constellation mapper, and a
block of an OFDM modulation and add Cyclic Prefix (CP).
After baseband processing, signal is transmitted through
UWB channel. The baseband of the receiver, in general,
consists of similar blocks of the baseband in the transmitter
but in the reverse order [7].

A. Transmitter Structure

The baseband of the transmitter as shown in Fig. 1 (a)
consists of a data scrambler, a convolutional encoder and
puncturer, a bit-interleaver, a constellation mapper, and
OFDM modulation.

1) The scrambler is used to convert data bit input sequence
into a pseudo random sequence. The polynomial
generator of the pseudo random binary sequence (PRBS)
is: output=input[n] @input [n-14] @input [n-15].

2) The convolutional encoder is based on the generator
polynomials g0=[133g], g1=[165g], and g2 =[171,].
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Fig. 1. The structure of a multiband OFDM UWB (a) transmitter and (b) receiver.

3) The convolutional encoder is based on the generator
polynomials g0=[133g], g1=[165g], and g2 =[171¢].

4) Constellation Mapper is the fourth block in the baseband
of the UWB transmitter. In this block, OFDM
subcarriers are modulated using QPSK modulation or
DCM modulation.

a) QPSK (quadrature phase shift keying) is used for
data rates between 80Mb/s to 200 Mb/s.

b) DCM exploits channel diversity, for robustness
against multi-path and interference, by adding an
alternative form of redundancy for the higher data
rates (from 320 to 480Mb/s).

5) MB-OFDM: the obtained symbols after OFDM
modulation are then mixed up to the right sub-band,
according to the time-frequency code (TFC). In this way,
information is coded across all bands in order to exploit
frequency diversity, and to provide robustness against
multipath and interference.

The OFDM symbols transmitted in radio frequency (RF)
signal utilizes a TFC (Time Frequency Code). There are two
types of TFCs: Time-Frequency Interleaving (TFI), where the
coded information is interleaved over three bands; and
Fixed-Frequency Interleaving (FFI), where the coded
information is transmitted on a single band [8].

Fig. 2 presents an example of a transmission in band group
1 with a TFC code [9]. the first symbol is transmitted on a
center frequency of 3432 MHz, the second symbol is
transmitted on a center frequency of 3960 MHz, the third
symbol is transmitted on a center frequency of 4488 MHz, the
forth symbol is transmitted on a center frequency of 3432
MHz, and so on. Band group 1 (BG1) is a mandatory mode
targeted for the first generation UWB devices.
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Fig. 2. OFDM symbols transmitted in RF signal utilizing a TFC within BG1.

B. Channel Models

The channel models chosen in simulation of MB-OFDM
UWB communication system are standard IEEE 802.15.3a
UWB channels considering realistic multipath resolution and

operating frequencies. The models are derived from the
Saleh-Valenzuela (SV) model with some minor modifications
due to clustering phenomenon. There are four different UWB
standard channel models, de noted as CM1, CM2, CM3, and
CM4, which are based on the line-of-sight (LOS) multipath
channel condition and the distance between the transmitter
and the receiver [10].

1) CM1 corresponds to the LOS condition with distance of
0 to 4 meters

2) CM2,CM3, and CM4 are based on the non-LOS (NLOS)
condition. The transmission distances in CM2 and CM3
are from 0 to 4 meters and from 4 to 10 meters,
respectively. The transmission distance in CM4 is also
from 4 to 10 meters but with an extreme NLOS
condition.

I1l.  CHANNEL ESTIMATION TECHNIQUES

In Dblock-type pilot based channel estimation, each
subcarrier in an OFDM symbol is used in such a way that all
sub-carriers are used as pilots. In this paper, the estimation of
the channel can be performed either by the traditional
estimators; Least Square (LS) and the Minimum
Mean-Square Error (MMSE) or our optimal proposed
Low-rank Minimum Mean-Square Error (OLR-MMSE)
estimator.

A. LS Channel Estimation

In conventional comb-type pilot based channel estimation
methods, the estimation of pilot signals, is based on the LS
method is given by

ﬁm(l)ZXl(l)Y('){Y(l'o) s Y(',N—l)](n

X (1,0) " X (1,1)"7 X (I,N -1)

where:

The received signal Y(I) and the transmitted signal X(I)
over UWB channel can be modeled by the following
expression:

Y()=XMH)+wW(), (2)
where X(I) = diag {X (1, 0), X (I, 1), ..., X (I, N - 1)} in stands

for the transmitted data symbol, Y(I) =[Y (I, 0), Y(I, 1), ..., Y (I,
N - 1)]" represents the received data symbol, H(l) as in
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indicates the channel frequency response, and W(I) = [W (1, 0),
W (1, 1), .., W (I, N - 1)]" denotes the additive noise
component, of the Iy, OFDM block. denotes the transposition
operation.

Therefore, the LS estimator is susceptible to noise and
Inter-Carrier Interference (ICI).Thus, the MMSE estimator
has been shown to be better than the LS channel estimate in
OFDM systems.

B. MMSE Channel Estimation

The MMSE channel estimate attenuations H, in (1), from
the received data Y and the transmitted symbols Xis

R B\ -
HMMSE (I) = RH(I)H(I) (RH(I)H(I) + SNR I HLS (I) (3)

where ﬂ:E{|X(I,k)|2}E{|1/X(I,k)|2} is a constant

dependingon  the  training  signal’s
SNR = E {|x (a, k)|2}/ o2is the signal-to-noise ratio, g, is the

constellation,

variance of AWGN and Rypq) denotes the

auto-covariance matrix of the channel.

The MMSE estimator has better performance than LS
estimation since it exploits the prior information on channel
statistics. However, both estimators suffer from different
drawbacks. The MMSE usually suffers from a high
complexity level, where the mean-square error returned by
LS estimator is high.

To reduce the complexity level and to improve the
performance, in this paper, we propose an optimal low-rank
approximation method that will be presented in the next
section.

C. Modified MMSE Estimator

Modified MMSE estimators are studied widely to reduce
complexity. Among them, an optimal low-rank MMSE
(OLR-MMSE) estimator is proposed in this paper, which
combines two simplification techniques.

First, a simplified MMSE estimation is obtained by
averaging over the transmitted data to avoid the inverse
matrix operation, and then (3) can be simplified as:

A i R
HMMSE(I):RH(I)H(I)(RH(I)H(I)+ﬁ|j HLS(I), (4)

where

O-w

Here, | is an identity matrix, and | -| indicates the absolute
value.

Second, a low-rank approximation is applied to a
minimum mean-squared error (MMSE) estimator that uses
the frequency correlation of the channel. To reduce the
complexity, an optimal low-rank estimator derived from
singular-value decomposition (SVD) is adopted [11]. The
channel correlation matrix is first decomposed as

229

Rugyway =UAU", (6)

where A is a diagonal matrix with singular values Ap> A>...>
An-1, U s a unitary matrix.

The best rank-m approximation of the estimator in (6) then
becomes:

n A O n
H )=u| °’ U"H_ (1), 7
ORI TEROPI

where Ap is a diagonal matrix that contains these values:

A(k

()1 k=01, ..
A(k)+——
() SNR

5(k)=

-1 (8)

D. Estimator Complexity Issue

A complexity comparative approach of the described
estimators shows:

1) LS algorithm leads to N complex multiplications;
2) According to these terms: the inverse of

1
+— , the

product of
SNR

RH(')H(I)

R T
RH(I)H“)(RH(I)H“) +ﬁ') andH (1) , the MMSE

algorithm  contributes to  N*+2N?+N  complex
multiplications for each OFDM block;
3) For the OLR-MMSE estimator, the rank-p

approximation of the MMSE estimator in equation (7)
can be re-expressed as a sum of rank-1 matrices as
follows:

|_A|0LR7MMSE (I) = (iguku: J |:|LS (I) ' (9)

where u;, denotes the ky, column vector in the matrix U. The
vectors ufor k =1, 2, ..., p, can be tracked by means of the
PASTD algorithm [12] with a significant reduced complexity
of 2>qN> for each OFDM block.The linear combination of p
vectors of length N in (9) requires N>p multiplications.
Hence, the OLR-MMSE estimator leads to 3>XNxp + N
complex multiplications, which is significantly reduced than
the MMSE estimator.

IV. SIMULATION RESULTS

The multiband OFDM system channel estimation was
simulated to evaluate and compare performance of the
considered channel estimation. In all simulations we have
used CM1 as channel model. Others parameters are given in
Table I. The OFDM symbols has been transmitted in radio
frequency (RF) using the TFC within BG1. We evaluate the
system performance in terms of bit error rate (BER) over
QPSK modulation and DCM modulation.

Three channel estimation method, LS, MMSE and
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OLR-MMSE, are simulated and compared. The results are
shown in Fig. 3 and Fig. 4; the simulations are done for
MB-OFDM UWB system with QPSK modulation and DCM
modulation.

TABLE I: MB-OFDM UWB SYSTEMS PARAMETERS

Parameter Value
FFT Size 128
Cyclic Prefix (CP) 32
Pilot Spacing 5
NSD: Number of data carriers 100
NSP: Number of pilot carriers 12
NSG: Number of guard carriers 10

NST: Number of total subcarriers

122(= NSD+NSP+NSG)
used

AF: Subcarrier frequency spacing 4.125 MHz(= 528 MHz/128)

TFFT: IFFT/FFT period 242.42ns(= 1/AF)
TCP: Cyclic prefix duration 60.61ns(= 32/528 MHz)
TGI: Guard interval duration 9.47ns(= 5/528 MHz)

TSYM: Symbol interval 312.5ns(= TCP+TFFT+TGI)

Constellation QPSK/DCM
Data Rate 200Mbps / 480Mbps
BandWidth 528 MHz
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Fig. 3. BER for the channel estimators with QPSK modulation.
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Fig. 4. BER for the channel estimators with DCM modulation.

The horizontal variable is signaling to noise ratio and the
vertical variable is Bit Error Rate.
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For both QPSK and DCM modulation (Fig. 3 and Fig. 4),
OLR-MMSE estimator show comparable performance with
MMSE estimator at low SNR and slightly under the MMSE
estimator’s performance at high SNR, on the other hand, has
definitely better performance than the LS estimator.

Consequently, OLR-MMSE has been show to perform
much better than LS and comparable performance with
MMSE. Moreover, the complexity of MMSE is reduced by
deriving an optimal low-rank estimator.

V. CONCLUSION

In this paper, we investigate the channel estimation
techniques for MB-OFDM systems. The channel estimation
based on comb-type pilot arrangement is studied through
different algorithms for both estimating channel at pilot
frequencies and interpolating the channel. The channel
estimate at the pilot frequencies for comb-type based channel
estimation can be based on LS or MMSE.

In this paper, the complexity of MMSE is reduced by
deriving an optimal low-rank estimator OLR-MMSE. The
simulation results show that the bit error rate (BER)
performance significantly improved over Least Square (LS)
Interpolation, and had comparable BER with MMSE channel
estimation especially at low SNR with significant decrease in
computational complexity.

We have compared the performances of all schemes by
measuring bit error rate with DCM and QPSK, as modulation
Schemes.

Finally is expected to improve these performances by
combining the comb-type pilot based channel estimation with
low-pass interpolation scheme.
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