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Channel Estimation for Frequency-Domain Equalization of
Single Carrier Broadband Wireless Communications

Yahong Rosa Zhendylember, IEEEand Chengshan Xia&genior Member, IEEE,

Abstract— Frequency-domain equalization (FDE) is an effec- without adaptive receiver processing; 3) the fading chhnne

tive technique for high data rate wireless communication sstems
suffering from very long intersymbol interference. Most of
existing FDE algorithms are limited to slow time-varying fading
channels due to lack of accurate channel estimator. In this g@per,
we employ interpolation method to propose new algorithms fo
frequency-domain channel estimation for both slow and fastime-
varying fading. We show that least squares-based channelténa-
tion and minimum mean square error-based channel estimatio
with interpolations are equivalent under certain conditions. Noise
variance estimation and channel equalization in the frequecy
domain are also discussed with fine-tuned formulas. Numerat
examples indicate that the new algorithms perform very wellfor
severe fading channels with long delay spread and high Dopgt
spread. It is also shown that our new algorithms outperform
recently developed frequency-domain least mean squares KLS)
and recursive least squares (RLS) algorithms which are capade
of dealing with moderate fading channels.

I. INTRODUCTION

is assumed to be static for at least one block but varying
within a frame, which consists a few training blocks (at the
beginning of the frame) and many data blocks, then adaptive
FDE is developed by employing least mean squares (LMS)
or recursive least squares (RLS) adaptive processing in the
frequency domain [5], [16], [19]; 4) the fading channel is
assumed to be static for one block but varying from one block
to another, then decision directed technique is utilized fo
channel estimation and equalization for DS-CDMA systems
[14]. The equalizers developed based on the first two as-
sumptions have demonstrated significant performance dain o
frequency-domain equalization over time-domain equaitna
however, they may not be applicable to practical systems
over time-varying channels with satisfactory performarites
adaptive equalizers derived from the last two assumptiaxe h
achieved substantial advancement in dealing with slow-time
varying frequency-selective channels compared with these

Single carrier frequency-domain equalization (SC-FDE) haon-adaptive SC-FDEs. However, as indicated in the example
been shown to be an attractive equalization scheme @ [5], [16], [19], the adaptive SC-FDEs employing LMS
broadband wireless channels which has very long impulge RLS algorithms can degrade significantly for fast moving
response memory. Compared to orthogonal frequency diviobiles, which cause large Doppler spread leading to fast
sion multiplex (OFDM), a single carrier system with FDRime-varying fading.
has similar performance and signal processing complexityln this paper, we employ interpolation method to propose
but lower peak-to-average power ratio and less sensitiviéynew algorithm for frequency-domain channel estimatian fo
to carrier frequency errors [4], and this arises from the usevere time-varying and frequency-selective fading chinn
of single carrier modulation [5], [7]. Moreover, comparedur new algorithms are developed by employing a frame
to time-domain equalization, SC-FDE has less computaltiorsdructure which consists of one training block and many data
complexity and better convergence properties [1] to aehieblocks. The training block is utilized to estimate fadingaoh
the same or better performance in severe frequency-sadectiel transfer function of the block. The fading channel tfans

fading channels.

functions of the data blocks are estimated by interpolatireg

Recent years, SC-FDE has received increasing attentiorclrannel transfer functions of the training blocks at theremntr
the literature [2]-[19]. Among the existing techniques,-Sdrame and the next frame. Noise variance is also estimated at
FDE is often designed according to one of the following fouhe training blocks. Channel equalization is performedhie t
channel assumptions: 1) the fading channel coefficients &fequency domain by employing the estimated channel teansf
assumed to be perfectly known at the receiver [6], [8], [10functions and noise variance. This channel estimation ateth

[12], [15], [17], [18], then frequency-domain linear eqaals

is similar to the time-domain interpolation method in [26],

or decision feedback equalizers are analyzed and/or dasigfe7], but differs in that it is performed in frequency domain
accordingly; 2) the fading channel are assumed to be canstand can deal with both fast time-varying fading and severe
for a frame consisting of one training block and many datatersymbol interference. Compared with the existing FD3.M
blocks, the fading channel is estimated via the traininglloand RLS algorithms, the proposed new method can deal with

and utilized for equalization for the entire frame [2], [$3],

Manuscript received March 6, 2007; revised October 22, 20@¥ Decem-
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65409 USA (e-mail:{zhengyr,xiaog@mst.edu).

much larger Doppler spread fading with the same bit errer rat
and data efficiency.

The rest of the paper is organized as follows. Section I
describes the system models and preliminaries. Section Il
presents the frequency-domain channel estimation and nois
variance estimation. Section IV details the frequency-diom
channel equalization. Section V illustrates numericahepies
and Section VI draws the conclusion.
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Fig. 1. The simplified block diagram of a single carrier SIM@eless system with frequency-domain channel estimatiwh equalization.

Il. SYSTEM MODEL AND PRELIMINARIES where v, ., (n) is the additive white Gaussian noise with

Consider a SIMO system with one transmit antenna &hd average powes?, L is the length of the frequency-selective
receive antennas whose baseband equivalent model is shé#ing channell, .., (I, n) is the baseband equivalent channel
in Fig. 1. At the transmitter, cyclic prefix (CP) is periodiga IMmPpulse response of the composite fading channel ofitit
added to the baseband data sequefe)} and modulated Pranch. Th(_e composite c_hannel_ is the cascade of the transmit
onto a single carrier frequency for transmission across tRHIS€ shaping filter, air-link fading channel, and the reeei
time-varying and frequency-selective fading channel. kg t Mmatched filter [23].
receiver, the CP is removed at each branch. The fast Fourielt is @ common practice to choose CP of length such
transform (FFT) is utilized to convert the time-domain datéat N > L—1 and
signal to the frequency-domain signal. Then frequency-@iom
channel estimation, equalization, and diversity comigjrane
employed to mitigate inter-symbol interference. Finallyin-
verse FFT (IFFT) is equipped to convert the frequency-dam
signal to time-domain signal for detection and estimatitime
output is the estimated data sequefi¢én)}.

To facilitate frequency-domain channel estimation ancheha
nel equalization for broadband wireless systems over time-
varying and frequency-selective fading channels, we emplghere
a data structure as shown in Fig. 2. The baseband signal
sequence is partitioned into frames with each frame com@in ~ yp.;m=[¥p.m(1) Ypm(2) - Ypm@ --- yp,m(N)]t 4)
N, signal blocks. The first block is a training block designed _ o o t
for channel estimation and noise variance estimation aad th " [2p(1) 2p(2) (0 (M ] . ®)
other (N;—1) blocks are data blocks. Each block contaMs ~ Vem = [Vpm(1) Upm(2) ~+ vpm(D) -+ vpm@) ] (6)
symbols of CP andV symbols of data (or training) sequence. . P . . :
The block time duration iy = (N, + N)T., and frame with (-)* being the transpose operation, and the time-domain

duration isT; = Ny(N. + N)T,, whereT, is the symbol channel matrix is given by (7) at the top of next page.
' It is worth noting that, for a general time-varying frequgnc

zp(n) =xp(n+N), n=—N.+1,---,—-1,0. (2)

. After the received signals corresponding to the CP
"j‘{gc,,(n)}o:chJrl are removed at the receiver, the received

n

N-point data symbols can be expressed in a matrix form as

Ypm = TpmXp + Vpm )

period. selective fading channel, the channel impulse response
} Ty | Ty hy.m(l,n) is varying at each time instant, and the time-
‘Bﬁggtk ‘ Data | Data | ... .. Daa [NRIGLH Data | Data | ... do_mqin channel mat_rice$Tp7m},{‘f:1 is not circulant. In
< principle, if the receiver has perfect knowledge about the
Frame Structure channel response, then theh block transmitted data, can
Block S"ucmrﬁ Data be estimated and detected via the minimum mean square error
N N (MMSE) criterion. The standard solution is given by

Fig. 2. The frame structure.

M “lrm
%p= | Y Th, Tpm+ 0214 > Tz7myp7m‘| (8)
A. Time-Domain System Model =t =t
Let z,(n) be then-th transmitted symbol at theth block where(-)" is the conjugate transpose operation.
of the current framey, ,,(n) be then-th received baseband However, this time-domain MMSE equalizer requires the
signal in thep-th block of the current frame at the-th receive inversion of anN x N Hermitian matrix that need®(N?)
branch. Then the received baseband signal is given by  operations, wheré/ is normally chosen to be large to achieve

L better data efficienc (N'fj\i}&{[)b. Eor a large channel length
Yp.m(n) = Z hpm (L, n)xp(n+1=1)4vp m(n), L on the order of several teng/ is usually on the order of
=1 hundreds. This can make the time-domain MMSE equalization

n=-—N.+1,---,N; p=1,2,--- /N, (1) prohibitively complex.

Authorized licensed use limited to: University of Missouri. Downloaded on January 27, 2009 at 13:44 from IEEE Xplore. Restrictions apply.
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iy (1,1) 0 0 B (L, N+1) By (2, N41) T
hpn(2,2)  hpm(1,2) 0
: : o (L, N+L-1)
Ty = | hy(L, L) hym(1, L) 0 0 @
0 hp (L, LA1) '
: 5 5 0
| 0 0 hpm(L,N) hpm(1,N) |

B. Frequency-Domain System Model of the corresponding time-domain signals

—j2r(n—1)(k—1)
)

Let F be the normalized FFT matrix of siZ€ x N, whose
(k,n)-th element is given by L exp (M . Tak-
ing the FFT of the transmitted and received signals and
noticing thatF"F = I, we can obtain the frequency-domain
representation as follows

Y, m(k

1 N
)= \/—N;yp,m(n)exr)(

—j2r(n—1)(k—1)
) g

1 X
Xp(k) = \/—Npr(n)eXp(
n=1

1 & -
)= \/—N;vpﬂm(n)exp(

Vp,m (k

j2m(n—1)(k—1)
) s

Yp,m £ Fy;;,m = FTp_’thFXp + va,m

=HpmXp+ Vpm ) andH, ., (k) is the DFT of the time-domain channel response
at the time instank = N/2
whereH, ,, = Fprth is the frequency-domain channel L

matrix for thep-th block at them-th branch. The frequency- N)exp (_‘727T(Z;V1)(k_1)) . (16)
domain MMSE equalization is given by [18], [19]

In this case, frequency-domain channel estimation and
equalization based on (11) can result in great computdtiona
savings over time-domain methods when the channel length
L is larger than 10 and the FFT algorithm is employed [7].
In this paper, new algorithms for frequency-domain channel
estimation and channel equalization will be developed dase

For general time-varying and frequency-selective fading, (11). Besides, we will show that our proposed method based
channels, the time-domain channel maffly; is not circulant g, this approximation also works well for time-varying fagi

and frequency-domain channel matikk, ,,, is not diagonal. channels that have high Doppler frequencies due to highespe
Therefore, the frequency-domain MMSE equalization (18) ha,gpile users.

no advantage over its time-domain counterpart in terms of
computational complexity, because the frequency tonebef t
received signalY, ,,, are not orthogonal.

However, if the block time duratiof, is much smaller than  In this section, we employ interpolation method to develop
the channel coherence timiee,, the fading channel coefficientsleast-squares (LS)-based channel estimation algorithth an
remains approximately constant for the entire block, théAMSE-based channel estimation algorithm in the frequency
T,.. is circulant andH,,,, is diagonal. Consequently, thedomain, we show that both algorithms are equivalent. We
frequency tones{Y,,.(k)}Y_, of the received signal are further present a simplified algorithm for Rayleigh fading
orthogonal and the frequency-domain input-output refesigp  channels.
and equalization are simplified as

=1

M “lrm
> H) L H, ., + UQIN] lz Hgme,,,ml . (10)
i=1 i=1

Ill. FREQUENCY¥DOMAIN CHANNEL ESTIMATION

A. LS-Based Frequency-Domain Channel Estimation

=Hpm(k)Xp(k )+me(/€), k=1,2,--- N (11) For the training blockp = 1, both the transmitted training
M M signal X; (k) and received signalt; ,,(k) are known. The
= lz |Hp m | 1o lz H Yp,m(k)] ) frequency-domain channel transfer functiéh ,,(k) at the
i=1 i=1 training block can be estimated by LS criterion as follows:
k=1,2,---,N 12
)< ) ( ) E[l (k) _ Yl,m(k) _ Hl (k) + Vl m(k)
" X1 (k) " (k)
whereY,, ,,(k), X,(k) andV, (k) are the normalized DFT k=1,2,--- N. (17)

Authorized licensed use limited to: University of Missouri. Downloaded on January 27, 2009 at 13:44 from IEEE Xplore. Restrictions apply.
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The estimateﬁlﬂm(k) can be improved by a frequency-solution for C, ,,,(k) can be expressed as (22) on the top of
domain filter to reduce noise. Although various frequencyext page.
domain filters can be employed, a common technique is toSubstituting (22) an(f’fn(k) into (20), we obtain the LS-
transform H, ,,, (k) into the time domain with an IFFT, andbased channel estimafé, ,,, (k).
use anL-size window mask to remove the noise beyond It is noted from (22) that the interpolation vector is deter-
the channel length, then transform the time-domain chanmeined by the second-order statistics of the channel coeffisi
coefficients back to the frequency domain with an FFT. Thrather than the instantaneous channel coefficients.
procedure was originally proposed in OFDM systems in [21].

The noise-reduced channel estimation of the training béack B. MMSE-Based Frequency-Domain Channel Estimation

be represented by In this subsection, we present the minimum mean square er-
V1,m(k) ror (MMSE)-based channel estimation and prove it is the same

Hy (k) = Hym (k) + X1 (k) k=12 ,N. (18) a5 the LS-based channel estimation under certain consiition
A The frequency-domain channel transfer functién,, (k) at

where Vi,m(k) is equal t0 the training block can be estimated by minimum mean square
= S vim(n) exp (w . error (MMSE) criterion as follows:

Providedv ,,,(n) is AWGN with average poweb?, one v X: (k)Y m (k)
can easily conclude that, ,,, (k) and Vi, (k) are zero-mean 1m(k) = |X1 (k)] + o2
Gaussian with average power being and oL respectively, X (k)|2 X3 (Vi (k)
if X1(k) are constant in the frequency domain. Therefore, the = 172H1,m(k)+%. (23)
noise average power is reduced by a facjorvia the FFT- (X1 (k)" +02 X1 (k)" + 02

based frequency-domain filter. Similar to the LS-based frequency-domain channel estima-
Apparently, LS-based channel estimation at the traininigpn, we can employ the IFFT and FFT to reduce noise beyond

blocks is straightforward. Although we approximate chdnnthe channel length and obtain the noise-reduced channel

coefficients within a single block as constants, channel cestimation of the training block given by

efficients do vary from block to block. Therefore, channel X5 (k) Y1 (k)

coefficients at the data blocks need to be estimated from the Him (k) = ! —

channel transfer functions of the training blocks. W I |X1(k)|2 +o?

g blocks. We emplo .
interpolation method to develop an algorithm for data block X)) Hi (k) X5 (k)Vi,m (k) (24)
channel estimation that utilizes the estimated channestea X (k) 402 b |X1(k))? + o2
functions of the current-frame training block and the next- 5 . 3 .
frame training block. Let P,e(k) = [ Him(k) Hy,opm(k) ] be the

Let Ay +1.m(k) be the noise-reduced channel transfer fun€olumn vector as the estimated transfer functions at train-
b B .
tion estimate of the training block of the next frame, utilg N9 blocks of the current frame and next frame, and

Xy, +1(k) = X1 (k) for the training signals, then we have Canse (P, k) be the row vector as the corresponding co-
efficients for thep-th block in the current frame. Then the

. VNy+1,m (k) estimated transfer function of theth block of the current
Hyym (k) = Hy1,m (k) + ;(17(14) frame is given by e
~ "= 1; 27 7 N (19) prm(k) = CMMSE (pv m, k)PAHWSE (k) (25)
whereVy, 1, (k) is defined similarly oV . (k). and the estimation error is given by
Define a column vector P, (k) = 3 V
[ Hym(E) Hy,yam(k) |- Let C,.(k) be the Epm (k) = Hp,m(k) = Hp,m (k) )
interpolation row vector for thep-th data block in the = Hpm(k) — Cuse (0:m, E)P e (E). (26)

current frame at then-th receive branch. Then the proposed
method estimates the channel transfer function of jkéa
data block in the current frame by

The optimal solution forC,,, .. (p, m, k) to minimize the
mean square estimation error is given by (27) at next page.

SubstitutingC, . (p) into eqn. (25), we obtain (28) given
Hy (k) = Cpm(k)Pm(k), p=1,2,---,N,  (20) next page.

Apparently, one can conclude that the MMSE-based channel
estimation H,, ,,(k) is exactly the same as the LS-based
by channel estimatiorﬁpym(k) given by eqgn. (20) along with

Epm(K) = Hyn (k) = iy (k) (19) and (22).
—H, (k) —C (k)f’ (k). (21) However, as can be_ seen from (17) and_ (23), thg !_S—
p.m p.m m based channel estimation is more computationally efficient

The interpolation vector C, (k) can be designed than the MMSE-based algorithm. Therefore, in the sequel,

by minimizing the mean square estimation erroWe Will focus on the LS-based channel estimation because
- 2 . of its simplicity. According to (19), a desired property of
epm(k) = & {’H”’m(k) - H”’m(k)’ } The optimal the training sequence is to have constant(k)|* for all m,

and the estimation error for the-th receive branch is given

Authorized licensed use limited to: University of Missouri. Downloaded on January 27, 2009 at 13:44 from IEEE Xplore. Restrictions apply.
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Com(K)= & { Hym (WPl (1)} [£ PPl (0)}]

—1
(Wb + yiksr E{Him (W) HRy i1, (K))
= [E{Hpm (k) H 1, (K)} E{Hpm (k) HF, 11 (K) X1 (k)] L (22)
(E o (5 OO EWan OO oy iy 0} E{lHw i m (W)} + ks
CMZ\/ISE(p’m’ k) = E{Hp7m(k)PZ\/IMSE(k)} [5 {PZ\/IMSE(k)P;LJAISE(k)}]_l
| X1 (k)| + 0 . .
X (0 [ E{Hpm(R)HS 1 (k)}  E{Hpm (k) Hy, 1, (F)} ]
2 -1
. e {1 b))} + i € { Hy (k) Hy, 11 ()} o
E{Hnunm®HL 0} E{IHnnm® } + 5k
Hym(k) = [ E{Hpm(R)H,,(k)}  E{Hpm(k)HY, 110 (K)} ]
2 -1 %
X 5{|H1=m(k)|2}+m§fk>\2 E {Hym (k) H Y, 1.m (k) } Hy o (k) + 5505 (28)
E{Hnnm® (1)} E{IHnm) P+ ik || Hyoam(b)+ 252® |
_ Jo [27 fa(p—1)Ty) ' 1+% Jo 2m faNTh) |
Colk) = [ Jo 27 fa (Ny+1—p) Tp)] ] Jo @rfaN,Th) 1+ % (29)
N Jol2nfap-1)T) 1] 1+ 555 Jo@rfaNoTy)] { Jo |27 fapTh) ]
ep(k) = fu(k) fh(k)[Jo [27 fq (Nb—i—l—p)Tb]} Jo(2m faNyT) 1+—N'}i%k) Jo [27 fq (Ny—p) Tp) (30)

so that noise amplification on certain frequency tones can beProof: Details are omitted for brevity.
avoided. Although many sequences can achieve this propertyRemark 1: Interpolation-based channel estimation methods
a good solution is to adopt Chu sequences [22] as the trainimgve been previously studied for OFDM systems [25] and
sequence, because Chu sequences have constant magnitufte iftequency flat fading channels [26], [27], with diffeten
both frequency domain and time domain, which avoids tle@hannel conditions. In this paper, we consider the diserete
peak-to-average power ratio problem at the transmittethiby time channel taps have inter-tap correlations, which is the
paper, we choose Chu sequences as the training sequenageteral case [23]. The algorithm presented in this paper is
ensure| X, (k)|* = 1. to demonstrate that the interpolation-based channel attim
can deal with much higher Doppler than the existing LMS and

C. Simplified LS-Based Channel Estimation for Rayleigh FaBLS algorithms for single-carrier broadband wireless esyst
ing Channels Remark 2: It is noted that for Rayleigh fading channels,

W . . A once N, and T are chosenC,(k) is depending on the
e are now in a position to present simplified formula forrnaximum Donoler frequency. and the noise average bower
the interpolation vector. PP quency, gep

5 T .
Proposition 1:For frequency-selective Rayleigh fading, thd - The e§t|mat|on Offa can be .done by the algorithm
interpolation row vectorC,.., (k) and the minimum mean presented in [24] and the estimation @f can be done by

square error of the LS-based channel estimation are indeplgﬁ'n?hth?tt'me'iomqm SI'EEST_I czmpc:genbtls bl?llondﬂt_]h_e (l:hannel
dent from the branch index:, they are given by (29) and ength after performing when the block length 1S farger

: : : than the channel length.

(30) at the middle of this page, whetkg(-) is the zero-order R . .
Bessel function of the first kindf, is the maximum Doppler Remark 3: Itis also r_loted that if the l_‘r(_equency selective
frequency, andf, (k) is given by fading channel has no inter-tap correlations, Cj, ;, = 0

' for 11 # ls, thenfy,(k) = 1 for all k. In this case, botlC, (k)
L L . 7 H
— 971l — 1) (k—1 ande, (k) will be independent from the frequency tohe
£ =33 Cuu, exp( 32 (I —la)( )) (31) P

l1:1 l2:1

N

Remark 4: Intuitively, the proposed interpolation method
computes the channel coefficients of theh data block

with Cj, ;, being the inter-tap correlation éf-th tap and,-th

tap of the fading channel, details are given in [23].

as a weighted sum of the channel coefficients of the two
neighboring train blocks. When the block indexis small,

Authorized licensed use limited to: University of Missouri. Downloaded on January 27, 2009 at 13:44 from IEEE Xplore. Restrictions apply.
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its correlation with the training block is stronger than itblock estimated data sequentg(n), n=1,2,---,

6

N in the

correlation with HNme( ). Thus the channel coefficientstime-domain.

are mainly determined bﬁl_,m(k:). When the block index

Remark 5: It should be noted that our frequency-domain

p is large, on the other hand, its channel is highly correlatetiannel equalizer given by (37) differs from existing ongs b
with the training block of the next frame and is less coreat taking into consideration of the mean square eergik) of
with the training block of the current frame. Then the chdannthe channel interpolation (30). As a matter of fact that most
coefficients of this data block are dominant by the coeffisienexisting techniques are utilizing LMS and/or RLS algoritim

of the training block of the next frame.

IV. FREQUENCY¥DOMAIN CHANNEL EQUALIZATION

According to eqn. (11), the-th block received signals at the

to track the channel variations, however, the tracking rerro
statistics are omitted from their equalization algorithms

Remark 6: In practice,o? is replaced by its estimatg?
ande, (k) is calculated by (30) with the estimated Doppfar
andé2.

M receive branches are given in frequency domain as follows:

Yp,1(k) Hy (k) Vi, (k)
3/;:,2:(k) _ Hp,:z(k) X (k) Vp,zz(k) @)
Your(k) | | Hyona(R) Vo ar (k)

V. SIMULATION RESULTS

The performance evaluation of the proposed algorithms
has been carried out by extensive computer simulations with
various system parameters and fading channels. For compar-
ison purpose, we present numerical examples based on three

This equation can be written in a compact form as follows: previously reported wireless systems. The first example is

Yp(k) = Hp(k)Xp(k) + Vp(k)- (33)

We are now in a position to state the following result.

to show that our algorithm provides very good results for
fading channels having long delay spread and high Doppler
spread. The second and third examples are designed to show

Proposition 2:The output of the frequency-domain MMSEthat our new algorithm outperforms two recently developed

equalizer is given by

N . . -1
Xp(k) = [H (0)HL (k) + 5,(k) + 02| H(R)Y, (k).
k=1,2,---,N (34)
A~ A ~ N t i
where EL, (k) = | H,1(k) Hpa(k) Hyo (K) ] is
the noise-reduced estimated transfer function vectorej-tin
block.

Proof: From (21) we haveH, (k) = H, (k) + E, (k) with
E,(k) = [Ep 1(k)  Epa(k) PNy (k) ] being the
estimation error vector. Replacirid, (k) by H, (k) + E,(k),
(33) yields

Yp(k) = I:Ip(k)Xp(k) + Ep(k)Xp(k) + Vp(k)- (35)

RLS and LMS algorithms which are capable of dealing with
moderate time-varying frequency selective fading chasnel
We employed the improved Clarke’s model [29] to carry out
all the simulations.

Example 1: we adopt the 60-tap frequency-selective
Rayleigh fading channel, where the average power of the
first 20 taps ramps up linearly and the last 40 taps ramps
down linearly, as described in [5], and the fading channel is
normalized to have total average power as one. We choose
FFT size N = 256, symbol intervalT, = 0.25us and
QPSK modulation, which are the same as these of [5]. We
further choose frame lengtlv; = 10 to have the same data
efficiency as that of [5] for the LMS and RLS adaptations,
which employedl0 training blocks at the beginning of every
frame and each frame consisted 100 blocks.

Let W, (k) be the frequency-domain equalizer row vector,

the output of the equalizer is given lX/p( ) =
The equalization error vector is given by

Ex, (k) = Xp(k) — Xp(k) = Xp(k) = Wy(k) Y, (k).

W (k)Y (k).

(36)

Adopting MMSE criterion, we find the equalizer row vector {

given by

W, (=€ {%,0v5 0} [ {¥ovim ]
:€{Xp<k>xp (Y™ (k) [E{ X0 (k) X5 (k) FLCR) L

}S{Ep )E’;(k)}+5{vp(k)v’

2 —1
K) + (k)L + "Ly, |

+{Xp (k) X,
:Hh [

= [Hh(k)ﬂ(k) ek +0?| A (k) 37

10°

—e— PCK, fd=200 Hz
—o— New ChEst, fd:ZOO Hz

- A- | MS, quasi—static Ch
=¥ RLS, quasi-static Ch

107]é

0 5 10 15
SNR (dB)

where the last equality is obtained by using the matrix inveffig. 3. BER versus SNR of diversity receivers with our pragbalgorithms

sion lemma [28]. This completes the proof.

at fy = 200 Hz and those of [5] for quasi-static channel.

Finally, applying IFFT on the frequency domain equalized Fig. 3 shows the BER performance of a two-antenna re-

data sequence&,(k), k = 1,2,---, N, we obtain thep-th

ceiver and a four-antenna receiver equipped with our preghos

Authorized licensed use limited to: University of Missouri. Downloaded on January 27, 2009 at 13:44 from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL.57, NO. X, XX 2008 7

still provide better results than that of the RLS algorithm

10°

+Z‘$Cff;: ':Z_lo o in [19] with Doppler f; = 20 Hz. This indicates that our

4 o New ChEst, =200 Hz|] algorithm can handlé5 times higher Doppler than the RLS
1o ~a-NewchEst f=a00Hz|  algorithm in [19], and still provides better BER performanc
- &- New ChEst, =400 Hz |} and maintains slightly higher data efficiency. The cost we pa

E for the proposed algorithm is usin@8-point FFT and IFFT

] while the RLS algorithm in [19] employ&4-point FFT and
IFFT. However, our channel estimation algorithm has lower
computational complexity than the channel tracking altponi
with RLS adaptation.

0
SNR (dB)

Fig. 4. BER versus SNR of diversity receivers with variouppler spreads.

algorithms when the Doppler 0 Hz, which is equivalent to
a mobile speed of14 km/h at carrier frequency of.9 GHz. @

X ) ) i X & —e— PCK, fd:ZO Hz
As can be seen, both diversity receivers with our algorithm: 1074 _ . _new chest, t,=20 Hz
have only about dB degradation from the ideal receiver with - - New ChEst, {,;=50 Hz A
. . . = b
perfect channel fading information. Moreover, for the four | .||~Y~New chest 100 nz
. . . - m - New ChEst, fd:200 Hz
antenna receiver, our algorithm witd0 Hz Doppler has the - #- New ChESst, {300 Hz
same performance as the LMS and RLS algorithms of [5  {—aRus, 120 hz
with quasi-static channel, and for the two-antenna receive *° o 5 10 15 20 25 30
SNR (dB)

our algorithm with f; = 200 Hz is slightly better than the

RLS algorithm but slightly worse than the LMS algorithm oty 5 BER versus SNR of a single-antenna receiver.

[5] when they are operated with quasi-static channel. Th&LM o

and RLS algorithms will degrade 3-6 dB at BER & * when Example 3: In [16], several channel estlmafuon methods_

the Doppler is200 Hz, as pointed out by the author of [5]. Were propo_sed. It was shown that when the carnerfreqqemcyl
Fig. 4 depicts the BER performance of single-branch ré©Hz, mobile speeds are 25, 70 and 140 km/h, symbol interval

ceiver, two-branch diversity receiver and four-brancredsity s = 0-54s, the LMS structured channel estimation (LMS-

receiver over various Doppler spreads ug0 Hz. From this SCE) method had the best performance among the methods

figure, it is observed that the BER degradation due to largioPosed in [16]. _ .

Doppler tends to be smaller when the diversity order in@sas We adopt the same 26-tap frequency-selective Rayleigh
Clearly, our proposed algorithms can effectively cope witf@ding channel described in [16]. We choose frame length

severe fading channels which has very long impulse respod¥e = 20, FFT size N’ = 128, CP lengthN. = 25, symbol

and large Doppler shift. interval T, = 0.5us, receive antenna numbé/ = 1 and

Example 2: We adopt the same 11-tap frequency-selectif@PSK modulation. Therefore, the data efficiencygigy- x
Rayleigh fading channel whosketh tap has average powerN;;,;l = 79.48%, which is the same data efficiency as that of
given by1.2257 exp (—0.81), as described in [19]. We choose16].
frame lengthN, = 10, FFT size N = 128, CP length Figure 6 shows the BER results verdils/ N, of the single-

N, = 10, symbol intervall, = 0.5us, receive antenna numberbranch receiver employing our proposed frequency-domain
M =1 and QPSK modulation. Therefore, the data efficienagghannel equalization incorporated our proposed noisanegi

is 55~ x Y=L = 83.5%, which is slightly higher than the estimation and channel estimation algorithms with mobile
data efficiency o82.8% in [19]. speed=25, 70 and140 km/h and carrier frequency 2GHz. For

Figure 5 shows the BER results of the single-branch receive@mparison purpose, the results of MMSE equalizers based on
employing our proposed frequency-domain channel equgkrfect channel knowledge and LMS-SCE adaptive algorithm
ization incorporated our proposed noise variance estimati[16] are also included. As can be seen from the BER results,
and channel estimation algorithms with various Doppler fréor mobile speed 25 km/h, our new algorithm is slightly bette
quenciesfy; = 20, 50,100,200 and 300 Hz. For comparison than the LMS-SCE algorithm, for mobile speeds 70 and 140
purpose, the results of MMSE equalizers based on perféa/h, our algorithm is 1-5 dB better than the LMS-SCE
channel knowledge and RLS adaptive algorithm [19] witmethod.
normalized Dopplef,T, = 1x107°,i.e, f; =20 Hz arealso It should be pointed out that the LMS-SCE method has
included. As can be seen from the BER results, for Doppleruch higher computational complexity than our method. Be-
frequency up td0 Hz, our proposed algorithms is less than cause the LMS-SCE method us2d’ samples perN data
dB away from the ideal case with perfect channel knowledggmbols for FFT, channel estimation and channel equadzati
at BER of 10~°. For Doppler up t0300 Hz, our algorithms while our method used’ points samples, and our interpolation
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method is more computationally efficient than the LMS-SCEO0] K. Takeda, T. ltagaki, and F. Adachi, “Application of a&e-time

adaptation.

BER

Fig.

10° .
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- 8- LMS-SCE, SPD=25km/h
f| —%— New ChEst, SPD=70 km/h
—&— LMS-SCE, SPD=70 km/h
=v-' New ChEst, SPD=140 km/h
-0~ LMS-SCE, SPD=140 km/h

S T T

0 5

10 15 25
E,/N, (dB)

6. BER versusp/Ng of a single-antenna receiver.

VI. CONCLUSION
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