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A Reduced Complexity Channel Estimation for
OFDM Systems With Transmit Diversity Iin
Mobile Wireless Channels
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Abstract—A reduced complexity channel estimation for OFDM The channel estimation for OFDM systems without transmit
systems with transmit diversity is proposed by exploiting the corre-  diversity has been studied by many researchers (e.g., [8]-[10]).
lation of the adjacent subchannel responses. The sizes of the matrix However, for systems with transmit diversity, the received signal
inverse and the FFTs required in the channel estimation at every . ’ o . 7! .

OFDM data symbol are reduced by half of the existing method for is a superp05|t|on of the different transmitted S|gnals_ from all
OFDM systems with nonconstant modulus subcarrier symbols or transmit antennas and consequently, the channel estimation be-
constant modulus subcarrier symbols with some guard tones. The comes more complicated. Recently, the channel estimation for
complexity reduction of half FFTs size and some matrix multipli- - OFDM systems with transmit diversity using space—time coding
cations is still achieved for constant modulus subcarrier symbols has been proposed in [1]. In order to reduce the complexity as-

with no guard tones. The price for the complexity reduction is a iated with th trix i fi 11 al d
slight BER degradation and for the channels with small relative SOC!ated With the matrix inverse operation, [1] also proposed a

delay spreads, the BER performance of the reduced complexity Simplified approach. In this paper, we focus on reduced com-
method becomes quite comparable to the existing method. An al- plexity channel estimation for OFDM systems with transmit di-
ternative approach for the number of significant taps required in  versity.

the channel estimation is described which achieves a comparable /., propose a channel estimation method which has less com-
performance to the case with the known suitable number of signif-

icant taps. A simple modification which reduces the lost leakage of Plexity than the simplified method of [1]. By decoupling the ef-
the nonsample-spaced channel paths is also proposed. This modifect of different transmit antennas, the sizes of the matrix in-

fication achieves a substantial performance improvement over the verse and FFTs required in the channel estimation for every

existing method without any added complexity. OFDM data symbol are reduced by half. The significant tap
Index Terms—OFDM, reduced complexity channel estimation, catching approach of [1] requires the knowledge of the number
transmit diversity. of significant taps. In this paper, we describe an alternative ap-
proach which adaptively finds this number. Moreover, a simple

I. INTRODUCTION modification which reduces the channel energy leakage lost in

the channel estimation of both [1] and the reduced complexity

O NE OF the desirable features of OFDM is its robustne§gethod is also proposed. This modified approach achieves a
to the multipath induced intersymbol interference. On thg psiantial performance improvement.

other hand due to the frequency selective fading of the disperrne rest of the paper is organized as follows. In Section I, the
sive wireless channel, some subchannels may face deep fadg$em and the channel considered are described. In Section |1,
and degrade the overall system performance. In order t0 Coffs reduced complexity channel estimation is derived and adap-
pensate the frequency selectivity, techniques such as error Ggfsly finding the number of significant taps is described. The
recting code and diversity have to be used [1]-[3]. Transmit Qlerformance in terms of the channel estimation mean square
versity for wireless systems has been studied in r.esegrch litetaror (MSE) and the complexity comparison are presented in
ture (e.g., [4], [3]). For OFDM systems, transmit diversity comggciion |V, The energy leakage of the channel path with non-
bined with Reed-Solomon code has been proposed for clustegghp|e-spaced delay is investigated in Section V. Based on this,
OFDM in [2]. Recently, space-time coding [6] has been showyagified approach is proposed for further improvement. Sim-

to give high code efficiency and good performance. Applicatiofation results are discussed in Section VI and conclusions are
of space—time coding in OFDM systems has been studied in E‘Len in Section VII.

with perfect channel knowledge at the receiver.
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The DFT output frequency-domain subcarrier symbols froaently performed for each receive antenna. The receive antenna
receive antenng can be expressed as indexj will be omitted in the following. The frequency-domain
) subcarrier symbols from each receive antenna can be expressed
rifn, Kl =" Hijln, Kltin, k] + w;n, k] (1 9
=1 2

i=1

wherew;[n, k] is the additive complex Gaussian noise with zero
mean and variance?, on thejth receive antenna, that is uncor- o
related for differents, ks, orjs, andH,,[n, k] is the channel ~ Due to the limited delay spread of the channel, the channel
frequency response for theth tone at timen, corresponding subcarrier responses are correlated. Generally, the smaller the
to thesth transmit antenna and thih receive antenna. For aratio of the channel delay spread to the OFDM symbol interval,
system withL-transmit diversity, the average SNR at the rethe more correlated the adjacent subcarrier responses are. In this

ceiver is defined as paper, we attempt to find a reduced complexity channel estima-
L tion by exploiting the correlation of the subcarrier responses. In
E { S| Hijn, k]|2} particular, we will assume in the derivation of the reduced com-
SNR2 i=1 . ) plexity channel estimation that
a
) " ) . H;[n, 2m] = H;[n, 2m + 1]. @)
whereE{|t;|?} = 1is assumed. In our simulation, the channels
are modeled such th#@{|H;;[n, k]|*} = 1. The above assumption would be a good approximation for the
The channel impulse response of the mobile wireless channase with a very small ratio of channel delay spread to OFDM
can be given by symbol interval. We will also investigate the applicability of this
assumption for different channels with different delay spreads.
h(t, )= w)S(r —7) (3)  Let us define the following:
k
wherery is the delay of thé:th path,y, () is the corresponding 2[n, m) 2 2 o, 2m] _ rln, 2m 3-1] (8)

; i : : taln, 2m]  taln, 2m + 1
complex gaing(r) is the Dirac Delta function, and the antenna 2[n, 2m] - tafn, 2m 1]

indexesi, j are omitted for simplicity. The frequency response a 7[n, 2m] B r[n, 2m +1]

at imet is w2l ml = S T B 2m 1] ©
A - —j2x fr A w[n7 2m] w[”? 2m + 1]
H(t, /)= h(t, J d = —
( f) /_oo ( T)C T wl[nv m] tQ[TL, 2m] tQ[TL, 9 + 1] (10)
= e (t)e 92T (4) [ ] a wn, 2m]  wln, 2m + 1] (11)
k rli =g [n, 2m]  ti[n, 2m + 1]

The path gainsy.(¢)s are modeled as independent Wide—senwith (7), we obtain

stationary (WSS), narrowband complex Gaussian processes ’

with the time-domain correlation defined by the classical zi[n, m] = Hi[n, 2m]v;[n, m] + w;[n, m], i=1,2
Doppler spectrum. The frequency-domain correlation of the

channel is defined by the channel power delay profile. (12)
With tolerable leakage, the channel frequency response eaitere
be expressed as [1] A tin, 2m]  tin, 2m 1] s
N Ko—1 ‘ viln, m] = ta[n, 2m]  t2[n, 2m +1] (13)
Hin, K| = H(nTy, kAf) = > hln, AW (5) b, 2] ol 2m 1]
1=0 va[n, m] Q[H’ o 21 20 (24)

~ ti[n, 2m]  ti[n, 2m + 1]
whereh[n, I] £ h(nTy, It,), Wi = exp(—j2n/K), Ko is the
total number of sample-spaced channel t&pss the number of
tones (including guard tones)y andA f are the total OFDM

From (12), it can be observed that the channel responses
corresponding to different transmit antennas are decoupled.
. . Hence, the channel estimation can be performed independently
symbol interval and the tone spacing of the OFDM system, r each transmit-receive antenna pair by minimizing the

spectively, and, = 1/(KAf). ! o
The considered channel power delay profile models afr%llowmg mean square error (MSE) cost function:

two-ray (equal average power on each ray), GSMs typicte),l({ilip17 I; i =1, 2})

urban (TU) (6 taps), GSMs hilly terrain (HT) (6 taps), and JTCs )

indoor office channel model A (3 taps) [11]. M-1 Ko—1
= Z zi[n, m]— Z hiln, W v [n, m] (15)
Ill. REDUCED COMPLEXITY CHANNEL ESTIMATION m=0 1=0

Since the channels considered have independent responsegiereM = K/2, and{%;[n, {]} are trial values for the MMSE
different receive antennas, the channel estimation is indepestimates of z;[n, ]}.
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Solving the following degree for different time instants. This prompts a question on
- the applicability of this significant tap catching approach in a
80({hi[n, l]}) fast time-varying channel. However, the results in [1] and also
Ohi[n. lo] in this paper show that even with a Doppler frequency of 200
. . Hz for the OFDM system with 20fs symbol interval and 10%
al 80({]”[”’ l]}) . 80({]”[”’ l]}) training, the significant tap catching approach works well.
=z — =0 (16) . ) 2 )
2 An alternative approach in the significant tap catching rather

= J =
8§R(hi[n, zo]) a%(hi[n,zo]) terna _ Ignili :
than using fixed value of is described in the following. Sup-
whereR(x) and(*) denote the real and imaginary part of gose the maximum value of for which the complexity can be
complex number, respectively, ahfd= 0, 1, ..., Ko — 1, re- afforded beJ,,. Let {h,...[l]} be the sorted version df[/]}

sults in in descending order, anf] be the number of taps satisfying the
M1 Ko—1 following condition:
Z <zi[n, m] — Z hiln, IWitv;[n, m]) e = y
m=0 (=0 W[ > 0= 3 [heonll] (26)
wfn, m]Wym™ =0 (17) =0
where{h;[n, 1]} are the MMSE estimates. Then, the value of is chosen as the minimum of and J,,.
Define ' In the above equatiom, is a threshold value. Although = 1
M1 is applicable, it was observed in our investigation that a little
ain, 1] A Z o [n, m][2 W™ (18) larger value (say, 3 or 4) gives more robustness to the noise.
o v Z’ M The threshold valug depends on the SNR value and is chosen
M—1 according to
A * —-m
pi[n, ] = Z zi[n, mvi[n, m| Wy, L (29) SNR,
m=0 e =" (27)
SNR,
Then, (17) can be expressed as .
1 where; is for SNR.. We observed that the value pibout the
i hiln, Dl o — 1] = pifn o] (20) range of 0.01 to 0.04 works well for a SNR value of 10 dB. This
il @ o = pilns o threshold value can be set according to the designed received
=0 . . .

) _ SNR or by means of the sync detection metric such as received
fori =1,2andly =0, 1, ..., Ko — 1. It can be expressed in hover measurement. Due to the varying value/ofit every
matrix form as training symbol, this approach will be denoted by “adaptive” in

Q,[n] hin] = p;[n] (21) conwrastto the fixed value of. For channel environments where
! ' ! a suitable fixed value af is unknown, this adaptive approach
where would be an alternative. It is noted that in the adaptive approach,
ai[n, 0] iln, —1] ailn, — Ko+ 1] the value ofJ/ need not be the same for the different transmit
antennas.
Q [ ] A QZ[nvl] qZ[TL,O] qi[nv_K0+2]
=
' : : . : IV. PERFORMANCEANALYSIS
gi[n, Ko—1] qi[n,Ko—2] --- gi[n, 0] A. MSE Performance
. (22) Inthe previous section, a reduced complexity channel estima-
hi[n] 2 (ﬁi[n, of, hiln, 11, .., hi[n, Ko — 1]) (23) tion for OFDM systems with transmit diversity is proposed by
assuming that (7) holds. In this section, the MSE performance
;7] 2 (pi[n, 0], pi[n, 1], ..., pi[n, Ko — 1% (24) of the proposed method in a multipath fading channel not satis-

fying (7) is analyzed. For simplicity, the time indexs omitted

Hence, the channel impulse response can be estimated by in the following analysis. Define

hi[n] = Q; ' [n]p;[n]. 25 /
0] = Q; '[rlpiln] (25) A ]2 Hm] - Hozm 11
Following [1], the complexity involved i)~! can be further Ko—1
reduced and the channel estimation performance can be further = Z hil](1 — Wh)ywzmt (28)
improved by using only/ significant channel taps whose in- =0
dexes are denoted Qy,,,: m = 1,2, ..., .J; (0 <}y <z < A ti[2m +1]
- < 1y £ Ko — 1)}. The value ofJ generally depends on AHe[m] = AHp[m] + AH [m] tol2m + 1] (29)
the number of paths and the path delays, both of which are typi-
cally defined by the terrain environment. In[1], itis reported that en,
the value ofJ typically ranges _between_S and 9 for 2-ray, TU, z1[m] = AHo1[m] 4+ Hy[2m]v [m] + @1 [m] (30)
and HT channels. Due to the time-varying nature of the mobile Ko1
wireless channel, the effective number of (sample-spaced) sig- [l =Xq[l] + Z @[l = kK] +Willl  (31)

nificant channel taps and/or their tap indexes can vary to some 0
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where By defining
A N 1[0] Pa[=1] - [ Ko +1]
é * —ml
= gz:o Al [m]vilm] Wy (32) S P11 0] - Yun, —Ko+2]
M—1 1= . . . .
A * —ml : ' ’ '
Wil = ng:o wr[m] v [m] Wi, (33) bulKo —1] nKo—2] - oi[0]
(42)
In matrix form,
we can express that
=X,+W h 34
p= X Wt Gl (39 EW, Wi =52, (43)

where .
For constant modulus subcarrier symbolsz,(m]|} are

p1 = (p[0], pa[1], - pu(Ko — 1T constant), if {v;[m]} are constantE{w, Wi’} and @,
A N become scaled identity matrices and the diagonal elements
;(Xl[o]’ Al Al =T of E{X, X'} become{|1 — WL2 K2 (I} + P}y
Wi = (WL[0], Will], ..., Wi[Ko —1]) I = 0,1,..., Ko — 1} where B[]] 2 E{|h;[[]|?} is the
é (hy[0], hu[1], ..., hi[Ko — 17 effective sample-spaced power delay profile of the channel

_ . ~corresponding to the transmit antennaOne criterion that
The channel impulse response estimate correspondingsiisfies the above condition is given hfm| = (—1)™ to[m]

transmit antenna 1 is given by which is the same as the optimal training design for [1]. Under
_ _ this condition, the MSE (36) of the reduced complexity method
=Qr' P = QT X1+ W) +hi. (35) pocomes 36) prextty
The MSE of the channel impulse response estimate can be ] Kozt Ko o2
given by MSE = = Z 11— WA| Pl + -l K] (44)
=1
y R 2
MSE2 E { th - th } where the index from P[] is omitted for simplicity since gen-
= erally all channels have the same power delay profile.
=F { (@ (X1 +W)]" QTH(X: + Wl)} Although the above MSE analysis is derived far, it also
1 o 1H holds for other channels and hence is the average MSE. The
= Trace{Q1 E{X.1X\'}Q } second term in (44) is the same as the MSE for [1] at the op-
Tra -1p Hy o171 36 timal condition. Hence, the reduced complexity method has a
+ mce{Ql {Wl Wi }Q } (36) larger channel estimation MSE than [1] due to the assumption

of (7). The extra term in the MSE expression also indicates the

The el ts o {X; X|' iven b . L
e elements of{ X, X, } are given by dependence of the reduced complexity channel estimation MSE

E{X1[lo) X;[1]} performance on the channel power delay profile. Particularly,

Ko—1 Ko—1 the larger delay taps have more impact on the MSE. This fact is

= Z (1 — W}() Z (1 — W};k) intuitively justified since the larger delay taps would cause more
=1 b1 frequency selectivity of the channel.

A(E{h [Tl — OCl — K] It should be mentioned that the above MSE expressions for

+ E{hlRSVAllo — Vi — &) (37) [1] and the reduceq complgxny method are derived assuming
that the channel gains remain constant over one OFDM symbol,

with and all subchannels are used (i.e., without guard tones). If the
Mot channel gain varies during one OFDM symbol, there may be
Vi[k] A Z o m] Wi (3g) Some degradation due to the inter-subchannel mterferen(_:e (ICI).
= If guard tones are used;; of [1] would not be exactly a diag-
M—1 onal matrix, and there may be some degradation, too.
¢k 2 Z vi[m] % WJ\—{mk_ (39) From (44), the channel estimation MSE mainly depends on

m=0

o2 /|t;[m]|? which in turn indicates that the channel estimation
- ) MSE performance evaluation by computer simulation depends
The elements o {W, W'} are given by on how to mode{ E{|H;;[n, k]|?}}. For a SNR value and fixed
E{jt;[m]|*}, if {E{|H;;[n, k]|*}} are modeled very smal2

EWrllo) Wilh]} = o2 p1[lo — 40) =~ : ,
Nl WiTh]} = o ullo = 1] (40) will be very small and consequently, the obtained channel esti-
where mation MSE will be very small. Hence, a suitable simulation
Ml model for channel estimation performance evaluation should
A 1 1 2 157 —ml be adopted. There are two possible approaches: the first one
= + Wy : : !
vl §0<|t2[2m]|2 [t2[2m + 1]|2> ol F Wy is to modeIE{Zf:1 |H,;[n, k]|*} = 1, and the second is to

(41) model E{|H;;[n, k]|*} = 1. Due to the similar reasoning of
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TABLE | V. FURTHER IMPROVEMENT ON CHANNEL ESTIMATION
CHANNEL ESTIMATION COMPLEXITY . . . .
In previous sections, the channel response is esti-

# Rx. Ant. Condition Method Complex Multiplications mated based on the sample-spaced impulse response
1 Constant modulus | [1] 3K +472 +310 +3 FFTx + 7L, [R[0], h[1], ..., h[Ko — 1]]. Generally, the channel path delays
with K, = K RC 45K +2J% +3 FFTgp + 17k, are not sample-spaced which causes the channel energy leakage
Constant modulus |  [1] 3Ky +4J% + 3 FFTx + [J3tvas to other sample-spaced taps besides the adjacent sample-spaced
with K, # K RC 45K +20° +3 FFTyp + 151, taps. In the following, the effect of nonsample-spaced path
Non-constant | 5K, +4J% +5 FFTg + [yas delay on the channel estimation is investigated.
modulus RC 6K, +2J% +4 FFTxs+2 []7Ly By using (4), the sample-spaced channel tap gains can be
2 Constant modulus (1] 5K +8J2+6J3+5 FFTx +2 [17}; given by
with K, = K RC 75K +4J2 45 FFTgp +2 [175s Kol
Constant modulus |  [1] 5K, +8J2+5 FFTx +2 [1;5 05 Bl = 1 Z Z g € IZEmA/ I i2mml/ I
with K, # K RC T5K, +4J2+5 FFTxp +2 [75; K =5
Non-constant {1 TKy+8J2+7 FFTi +2 []5)xas
modulus RC | 9K,+4J+6 FFTxn+4 (15, = 2}; " gx[l] (45)

A . . .
the MSE’s dependence on channel power gain and to be cowere)"“ = KA, {g:[l]} are the contribution of the unity

parable with different number of diversity branches, the secoﬂgi; c_hannbel path with delay, over the sampled-spaced taps
approach of2{|H;;[n, k]|?} = 1 is adopted in this paper. ~ a"¢ GVEN DY

K-1

al j2rml=Ay)/ K
B. Channel Estimation Complexity gxll1 = K 2_:0 ¢ '
For channel estimation based on the training symbol, the re- 8[L = Axl, if Ay = integer
q_uwed matrix inverse can be pre-computed. Hence, the_ dlsgus- _ sin(m(l — Ax)) SiE-DrU—M)/K  (46)
sion on the complexity will be focused on the channel estimation K sin(r(l — A\p)/K)

based on the decision-directed reference symbol. The number of
complex multiplications will be used as a performance measure.
Operations such a&-point FFT andk, x Ky matrix inver- The plots of{|gx[!]|: 1 =0, 1, ..., K —1}for0 < A\, < 1
sion have complexity order ¥ log,(N) andKg, respectively. and4 < A\, < 5 are shown in Fig. 1(a) and (b), respectively.
However, the exact complexity can vary depending on their irfirstly, the effect of differenf\;, values on a sample-spaced tap
plementation. Hence, we will use F&Tand[-];,ix,(o, respec- will be discussed. Consider the ran@é < Ax. < I’ + 1) with
tively in the complexity expression rather than the number éfbeing an integer. As can be expected, the energy distribution
complex multiplications for them. For a two transmit antenni@ tap!’ is larger if A, is closer tol’. The same holds for tap
space—time coded OFDM system wikhtotal subcarriers and !’ +1. To the other taps away from these two adjacenttagsd
K, used subcarriers, Table | lists the complexity measuresi6fi 1, the largest energy distribution (energy leakage) occurs at
[1] and the reduced complexity method (denoted by RC), boMa = I’ + 0.5. In other words, the energy leakage to not-nearby
using.J significant taps. The significant tap catching is indepenaps is maximum when;, = I’ + 0.5.
dently performed at each receive antenna and its complexity isSecondly, the energy distribution of a unity gain path with
not included in the complexity expression. It is noted that if theelay 7, over the sample-spaced taps = 0, 1, ..., K —
significant tap catching is performed by averaging over differem} is discussed. As can be expected, the larger energy is dis-
receive antennas, the number of matrix inverse for the two teibuted to the nearer tap. However, singdl] = gx[l — K],
ceive antenna case will be halved for all methods. the path with\; near O will also cause leakage to the taps
For constant modulus subcarrier symbols with no guafd —1, K —2, ...) where tapl — 1 will get the largest leakage
tones, the2J x 2J matrix inversion required in [1] can beamong them. Consequently, the channel estimation based on
reduced to a/ x J matrix inversion and some matrix multi- [2[0], ~[1], ..., h[Ko — 1]] will lose some leakage energy es-
plications (see [1, eq. 24a]). Due to the spectrum requiremepécially fromtapg K — 1, K —2, ...). From Fig. 1(a) and (b),
OFDM systems generally use some guard tones. In this casean be observed that X; can be intentionally increased by
the above simplification [1, eq. 24a] does not hold. Fromome amount, the leakage to those télis— 1, K — 2, ...)
Table I, it can be observed that RC method achieves complexign be substantially reduced and the channel estimation can be
reduction for all conditions. More complexity reduction ismproved. A simple way of establishing this is to use a pre-ad-
observed for the cases of nonconst modulus subcarrier symh@acement of the timing point. A timing pre-advancemens of
and constant modulus subcarrier symbols with guard tonessémples will effectively increase, to (r. KA f+ ). The value
is also noted that the size of FFT for RCAY2 while that for of 3 should not only be less than the ISI-free guard interval but
[1] is K for all conditions. Moreover, the matrix inverse sizelso be small enough that most channel energy is contained in
for RC is half of that for [1] for all conditions except constanthe [1[0], i[1], ..., h[Ko — 1]]. If necessary, the value df,
modulus subcarrier symbols with no guard tones. may be increased in account for the timing pre-advancement. By

otherwise
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Fig. 1. The leakage of a unity gain channel path with nonsample-spaced p
delay.l is the index of sample-spaced channel tapsis the normalized delay
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using (46), aworst-case leakage may be found over); < 1.

K = 128 subcarriers. Based on thj,may be chosen for a de-
signed SNR value. For example, the useiof 4 will include

of the path withd < A, < 1 in the channel estimation.

estimation methods is 7.

(b)

VI. SIMULATION RESULTS AND DISCUSSIONS
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Fig. 2. The worst-case leakage of a unity
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Fig. 3. Performance of the channel estimation methods in OFDM with
4-PSK, 16 states space-time code. The rms delay spread isu%,0the

Fig. 2 shows this worst-case leakage for an OFDM system wiggPPler frequency is 40 Hz.

In the following, the performance degradation associated
all leakage down to approximately23 dB of the total energy With the complexity reduction is investigated. For the channel
estimation based on the training symbol, [1] is also used in
the reduced complexity method. The different methods are
applied only for the channel estimation based on the decision
directed reference symbols. Figs. 3—7 show the BER and MSE
The OFDM system parameters used in the simulation goerformance for 4-PSK, 16 states space—time code in different
the same as [1]: 128 subchannels, 4 guard-subchannels on eheimnel models with different delay spreads and Doppler
end, 1/160 xs subchannel spacing, and 4&s-guard interval. frequencies. For the same delay spread, two-ray model shows
The channel models considered are two-ray and TU chanaebetter performance due to the less channel energy leakage.
models with delay spread of 1.0&, two-ray and HT channel The channels with larger delay spread may not necessarily
models with delay spread of 5.Q¢s, and JTC channel modelshow a larger MSE. For example, the MSE of [1] for two-ray
with delay spread of 34.8 ns. The classical Doppler spectrunodel with delay spread of 1.06s is larger than that with
with the maximum frequency of 40 Hz and 200 Hz are considlelay spread of 5.04s. The reason can be ascribed to the
ered. The space—time codes used are of 16 states with 4-PSKrandh larger channel energy leakage of the former to the taps
16-QAM [6]. The number of significant taps used in all channdlKk’ — 1, K — 2, ...) (see previous Section). By comparing
the MSE in the JTC, TU and HT models, it is observed that
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Fig. 5. Performance of the channel estimation methods in OFDM wiffig- 7. Performance of the channel estimation methods in OFDM with 4-PSK,
4-PSK, 16 states space-time code. The rms delay spread isu%,0te 16 states space-time code. The rms delay spread is 34.8 ns.
Doppler frequency is 200 Hz.

mation errors on BER performance becomes more dominant at
at the same MSE level, RC method has more degradationhigher SNR values.
the channel with larger delay spread. This is due to the factAnother observation is that when comparing performance be-
that the larger delay spread channel is more deviated from theeen JTC and other models, although JTC model has a larger
assumption (7). For the same delay spread, RC method MSE gap between [1] and RC than the other models at the same
more degradation in two-ray, especially if compared with HENR value, it has a smaller BER gap between [1] and RC than
model. The reason can be deduced from (44). Although ttlee other models. This indicates that if the MSE is much smaller
maximum delay spread of HT is larger than that of two-ray, thhan the SNR value, (say, a difference of 6 dB or more), provided
last path’s power is larger in two-ray than HT. This causesthat the ICI is negligible, then further reduction in MSE would
larger value of the first term in (44), hence a larger MSE. not improve the BER performance very much.

When comparing for different Doppler frequencies, (more or From the above investigation, we can observe that the cost of
less) alarger MSE degradation for the higher Doppler frequenBC method’s complexity reduction is just a slight BER degrada-
is observed at lower SNR values in all channel models. Thisn for all SNR values in a channel with very small delay spread
may be ascribed to a larger reference symbol error causedsoigh as JTC model. For channels with larger delay spreads such
the larger time selectivity of the channel with a larger Dopplexrs TU and HT, a small BER degradation is observed for low
spread, in addition to the low SNR condition and ICI. Howevetp moderate SNR values. Hence, if the complexity is afford-
on the contrary, a larger BER degradation is observed at higlaéae, [1] is a better solution. If the complexity is of concern,
SNR values. This indicates that the effect of the channel edRC method can be an alternative.
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space-time code.

are.J,, = 7anda = 4. This adaptive approach has almost
the same performance as the case with the knowledge of
suitable fixed number of significant taps. For low SNR value,
the adaptive approach has a slight performance improvement
since the adaptive selection would quite often choose a smaller
number of taps and hence would suppress the effect of the
dominant noise to a larger extent. The results also show that
threshold value around the range of 0.01 to 0.04 at a SNR of
10 dB works well. It is also noted that.if in the approach with
fixed J value and/,,, in the approach with adaptivevalue are

the same, the adaptive approach saves some complexity.

As discussed in the previous section, both [1] and RC
methods can be modified by introducing some timing pre-ad-
vancement ofs samples. The results of this modified approach
with 8 = 4 as an example are presented in Fig. 10 for TU
channel model with a Doppler frequency of 40 Hz. The results
clearly show that for moderate to high SNR values, the modi-

Fig. 9. Performance of the channel estimation methods with adaptified approach achieves quite substantial improvement without

significant tap selectionf,, = 7,

InFig. 8, the performances for 16-QAM, 16 states space—time

o = 4) in two-ray and TU channels with any added complexity. This is a result of less unused leakage
delay spread of 1.0fs, and the Doppler frequency of 40 Hz for OFDM with

4-PSK, 16 states space—time code.

energy of the modified approach in the channel estimation.

VII. CONCLUSION

coded OFDM system in two-ray, TU, and JTC channel modelsin this paper, we have investigated a reduced complexity
are presented. A higher MSE gap between [1] and RC is athannel estimation for an OFDM system with space-time
served for 16-QAM than for 4-PSK case. The reason is that doeding in time-varying, dispersive multipath fading channels.
to the nonconstant modulus subcarrier symbols, the MMSE chit particular, the motivation was to reduce the complexity in
terion in RC method loses its optimality in the maximum likelithe matrix inversion needed for every OFDM data symbols.
hood (ML) sense while [1] still holds the ML optimality. How- The method is developed based on a channel with relatively
ever, in terms of BER performance, only a small BER gap is obmall delay spread. By decoupling the channel responses
served. This indicates that RC method can be an alternative &pm different transmit antennas, much complexity reduction
proach also for nonconstant modulus subcarrier symbols whisrachieved. In particular, the sizes of the matrix inverse and
the complexity is an issue. the FFTs required in the channel estimation for every OFDM
In Fig. 9, the performance of the adaptive selection of thdata symbol is reduced by half. The simulation results show
number of significant taps is presented for two-ray and Tthat the price for the complexity reduction is just a slight
channel models with delay spread of 16 and the Doppler BER degradation for channels with relatively small delay
frequency of 40 Hz. The threshold values used at a SNR of §freads. For cases where the complexity is of a major concern,
dB, denoted by, are 0.04 and 0.01. The other parametethe reduced complexity method can be considered as a good
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alternative. Adaptively finding the number of significan
taps based on a threshold decision is also shown to hav
comparable performance to the case where the suitable nun
of significant taps is known. We have also investigated tt
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