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MMSE-FDE can improve the transmission performance of OFDM combined with time division multiplexing (OFDM/TDM),
but knowledge of the channel state information and the noise variance is required to compute the MMSE weight. In this paper,
a performance evaluation of OFDM/TDM using MMSE-FDE with pilot-assisted channel estimation over a fast fading channel
is presented. To improve the tracking ability against fast fading a robust pilot-assisted channel estimation is presented that uses
time-domain filtering on a slot-by-slot basis and frequency-domain interpolation. We derive the mean square error (MSE) of the
channel estimator and then discuss a tradeoff between improving the tracking ability against fading and the noise reduction. The
achievable bit error rate (BER) performance is evaluated by computer simulation and compared with conventional OFDM. It is
shown that the OFDM/TDM using MMSE-FDE achieves a lower BER and a better tracking ability against fast fading in comparison
with conventional OFDM.
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1. Introduction

Orthogonal frequency division multiplexing (OFDM) is
receiving considerable interest because of its high capacity
and robustness against the channel frequency-selectivity [1].
OFDM signals, however, have a problem with a high peak-
to-average power ratio (PAPR). OFDM combined with time
division multiplexing (OFDM/TDM) [2] can reduce the
PAPR, and furthermore, with the application of minimum
mean square error frequency domain equalization (MMSE-
FDE) it can bridge the performance of conventional OFDM
and single carrier (SC)-FDE [3]. In OFDM/TDM, the
inverse fast Fourier transform (IFFT) time window (i.e.,
OFDM/TDM frame) of conventional OFDM is divided into
K slots; within each slot an OFDM signal with reduced
number of subcarriers is transmitted. At the receiver, MMSE-
FDE is applied over the entire frame to exploit the channel
frequency-selectivity. MMSE-FDE, however, requires knowl-
edge of the channel state information and the noise variance.

Various channel estimation techniques for conventional
OFDM and SC-FDE have been presented in [4-11]. There

are two approaches to estimate the channel state infor-
mation. In one approach, the channel estimation is done
by time-domain multiplexed pilot (TDM-pilot), but the
tracking ability against fast fading degrades. In another
approach, the channel estimation is done by frequency-
domain multiplexed pilot (FDM-pilot) to improve the track-
ing ability against fast fading, but the bit error rate (BER)
increases due to increased noise after frequency-domain
interpolation. To date, the effect of channel estimation on
the performance of OFDM/TDM using MMSE-FDE has not
been fully discussed.

This paper deals with the channel estimation for
OFDM/TDM using MMSE-FDE over a fast fading channel.
We adopt a pilot-structure for SC transmission [8] and
apply recursive least-square (RLS) algorithm [12] in time
domain (in this paper called time-domain first-order filter-
ing (TDFF)) on a slot-by-slot basis within the OFDM/TDM
frame to improve the tracking ability against fast fading. We
develop an expression for the mean square error (MSE) of
the channel estimator and then discuss a tradeoff between
improvement of the tracking ability against fast fading and
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the noise reduction. The BER performance improvement is
achieved through the frequency diversity gain and improved
tracking ability against fast fading without sacrificing trans-
mission data-rate.

The rest of the paper is organized as follows. In Section 2,
we describe the system model. Pilot-assisted channel esti-
mation techniques are presented in Section 3, while the
estimator performance analysis is presented in Section 4.
We evaluate the performance by computer simulation in
Section 5. Section 6 concludes the paper.

2. System Model

The OFDM/TDM system model is illustrated in Figure 1.
Throughout this paper, T.-spaced discrete-time signal repre-
sentation is used, where T, represents FFT sampling period.

The gth signaling interval of the conventional OFDM
with N, subcarriers is divided into K slots (i.e., gth
OFDM/TDM frame) as shown in Figure 2. A sequence of
N, data-modulated symbols in the gth frame {d,(i); i =
0 ~ N, — 1} is divided into K blocks of N,, (= N./K) data-
modulated symbols each. The kth block symbol sequence in
the gth frame is denoted by {d"gf(i); i=0~ N, — 1}, where
df(i) = dg(kNy, + i) for k = 0 ~ K — 1 with E[|dy(i)|?]=1
(E[-] is the ensemble average operation). The gth frame
OFDM/TDM signal can be expressed using the equivalent
lowpass representation as

[ 2B ! i
_ s LN (; o b
sg(1) TN, go dg""m (i) exp {JZm‘Nm} (1)

fort = 0 ~ N. — 1, where | x] and E;, respectively, denote
the largest integer smaller than or equal to x and the data-
modulated symbol energy. We note here that OFDM/TDM
signal with K = 1 (i.e., N, = N;) reduces to the conventional
OFDM system with N, subcarriers. After insertion of an
Ny,-sample guard interval (GI), the OFDM/TDM signal is
transmitted over a fading channel.

The gth frame OFDM/TDM signal propagates through
the channel having a discrete-time channel impulse response
he(7) given as

L-1

he(1) = > hey8(1 — 1), (2)
1=0

where hg; and 7, respectively, denotes the gth frame’s path
gain and the time delay of the Ith path having the sample-
spaced exponential power delay profile with channel decay
factor a (i.e., E[|hg|?] = ((1—a)/(1—ak))al). The maximum
time delay of the channel is assumed to be less than the GI
length.

The received gth frame OFDM/TDM signal is repre-
sented by {r,(t); t = —N, ~ N, — 1}. After removal
of the GI, {rg(t); t = 0 ~ N, — 1} is fed to N.-point
FFT to decompose the received signal into N, frequency
components {R,(n); n =0~ N, — 1} given by

Ry(n) = Sg(n)Hg(n) + Ig(n) + Ng(n), (3)
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where S, (1), Hy(n), Ig(n), and Ng(n), respectively, denote the
Fourier transforms of the gth frame transmit OFDM/TDM
signal, the channel impulse response, the inter-slot interfer-
ence (ISI) and the additive white Gaussian noise (AWGN)
having single sided power spectral density Ny. Note that in
case of conventional OFDM (K = 1) the ISI term vanishes.
One-tap MMSE-FDE similar to SC-FDE [8] is applied
over the entire frame with K concatenated OFDM signals as

(3]

Re(n) = Re(n)Wy(n) "
4
= So(n)Hy(n) + Ly (n) + Ny(n)

with Hy(n) = Hg(n)Wy(n) and I (n) = I(n)W,(n), where
W, (n) denotes the MMSE equalization weight given by
Hy (n)

We(n) = £ (5)

| Hy(m)|” + 202"
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where ng and (-)* denote the noise variance and the complex
conjugate operation, respectively. We need to estimate Hy (1)
and O'gZ. Channel estimation techniques will be described in
the following section.

The time-domain OFDM/TDM signal is recovered by
applying N.-point I[FFT to {IAQ(n); n =0~ N.—1},and then,
the demodulation of OFDM signals with N,, subcarriers is

done by N,,,-point FFT [3].

3. Channel Estimation

The channel and the noise variance in OFDM/TDM system
can be estimated with TDM-pilot, but the tracking ability
significantly degrades in a fast fading channel [13]. To
improve tracking against fast fading the channel estimation
with FDM-pilot [5] can be directly applied to OFDM/TDM,
but the GI must be inserted between the slots within the
OFDM/TDM frame that will reduce the data-rate and the
frequency diversity gain cannot be obtained. Former is due
to the fact that the GI length must be kept the same as
conventional OFDM, while latter is because the insertion of
GI will destroy the property of OFDM/TDM. Moreover, if
FDM-pilot is directly applied to OFDM/TDM, the received
pilot subcarriers within the slots will be corrupted by ISI (see
(4)) leading to the estimator performance degradation.

We focus on three estimation schemes: (i) channel
estimation with TDM-pilot and time-domain first-order
filtering (TDFF), (ii) channel estimation with TDM-pilot
[13], and (iii) channel estimation with FDM-pilot [5]. These
methods are described next (note that our aim is to keep
the transmission data-rate the same as conventional OFDM).
Then, pilot signal selection and noise variance estimation are
discussed.

3.1. Channel Estimation with TDM-Pilot and TDFF. The
pilot signal {p(i); i = 0 ~ N, — 1} is inserted into (K — 1)th
slot (i.e., d<°1(i) = p(i) fori = 0 ~ N,, — 1) and into
the GI as a cyclic prefix as illustrated in Figure 3. Since the

FiGure 5: Pilot-assisted channel estimation using time-delay
domain windowing.

same pilot is used for all frames, the (¢ — 1)th frame’s pilot
slot acts as a cyclic prefix for the gth frame’s GI. Thus, the
channel estimation can be performed using the gth frame’s
N,,-sample GI. Similar frame structure was presented for SC
transmission in [8]. The channel gain estimate and noise
variance estimate to be used for FDE are denoted by H,4(n)
and 2082@, respectively. H,y(n) and ag in (5) are replaced by
H,g4(n) and aég, respectively.

The received pilot {ry(t); t = —N,, ~ —1} in the Gl is
filtered on a slot-by-slot basis by the time-domain first-order
filtering as illustrated in Figure 3 to increase the signal-to-
noise power ratio (SNR) of the pilot signal. The filtered pilot
signal is obtained as

ro(t) = yrg(t) + (1 = p)7g-1 (1) (6)

for t = —N,, ~ —1, where y is the forgetting factor with the
initial condition 7¢(#) = ro(¢). Then, Ny,-point FFT is applied
to decompose {7y(t); t = —N,, ~ —1} into N, subcarrier
components {ﬁg(q); q=—-Ny ~—1}as

-1

R(q) = > ?g(t>exp{—1'2ﬂqum} (7)

t=—N,
with ¢ ziln/KJ for n = 0 ~ N, — 1 and the initial
condition Ry(q) = Ro(q). The instantaneous channel gain

estimate at the gth subcarrier is obtained by removing the
pilot modulation as

He(q) = (@) = Hg(q) + Ng(9), (8)

where I\ng(q) = Ng(q)/P(q) and P(q) denotes the gth
frequency component of {p(t); t =0 ~ N, — 1}.

Since g = | n/K |, the channel estimates are obtained only
at the frequencies n = 0, Ny, 2Ny, ..., (N — 1) as shown in
Figure 6. Hence, an interpolation is necessary to obtain the
channel gains for all frequencies (i.e., n = 0 ~ N. — 1). We
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apply the following frequency-domain interpolation. First,
N,,-point IFFT is performed on {Hg(q); q=0~N, -
1} to obtain the instantaneous channel impulse response
{h(tr); T=0~N,, — 1} as

H,(q) exp {jZnTNim}. 9)

Then, N.-point FFT is applied to obtain the interpolated
channel gain estimates {H,4(n); n = 0 ~ N, — 1} for all
N, frequencies as

Npy—1

Heg(n) = S ho(r)exp | —j2mn— L. (10)
g}’l ;) 74 exp{ ] T’lNC}

3.2. Channel Estimation with TDM-Pilot. For OFDM/TDM
with pilot-assisted channel estimation using TDM-pilot [13],
a pilot signal is transmitted followed by Ny OFDM/TDM
data frames is illustrated in Figure 4. The block diagram of
channel estimation is illustrated in Figure 5. Notice that in
this case all N, subcarriers are used as pilots.

First, by reverse modulation, the instantaneous channel
gain estimate Hgy(n) at the nth subcarrier is obtained by
(8). Then, N.-point IFFT is applied to {Hg(n); n=0~
N,—1} to obtain the instantaneous channel impulse response
{(h(z); r = 0 ~ N, - 1}. Assuming that the actual
channel impulse response is present only within the GI,
the estimated channel impulse response beyond the GI is
replaced with zeros to reduce the noise [11]. Finally, N.-point
FFT is applied to obtain the improved channel gain estimates
{He,g(n); n=0~ Nc - 1}

3.3. Channel Estimation with FDM-Pilot. For pilot-aided
channel estimation with FDM-pilot [5] using frequency-
domain interpolation an N,, equally-spaced pilot subcarriers
among N, subcarriers are used.

First, by reverse modulation, the instantaneous channel
gain estimate {Hg(q); q = |n/Ny| forn =0 ~ N, — 1}
at the pilot subcarriers is obtained by (8), where N, is
the number of pilot subcarriers. Since g = |#n/Ny|, the
channel estimates are obtained only at the frequencies n =
0, Ny, 2Ny, ..., (Ne — 1) as shown in Figure 6. Hence, the
frequency-domain interpolation described in Section 3.1 is
used to obtain the channel gains for all frequencies (i.e., n =
0 ~ N, — 1). Ny,-point IFFT is performed on {Hg(q); q =

0 ~ N, — 1} to obtain the instantaneous channel impulse
response {h(7); T = 0 ~ Ny — 1} as in (9) and then, N.-
point FFT is applied to obtain the interpolated channel gain
estimates {H,g(n); n =0~ N, — 1}.

3.4. Pilot Sequence Selection. A selection of pilot sequence is
an important design issue. If the amplitude of P(n) drops
at some frequencies, the noise component in the channel
estimate will be enhanced and thereby the estimation
accuracy will degrade leading to poor performance. To avoid
the noise enhancement, it is desirable that P(n) has constant
amplitude irrespective of n. On the contrary, if P(n) is
constant for all n, a large amplitude variation may appear
in p(t) and consequently, the pilot signal may be distorted
due to nonlinear power amplification. In this paper we use
Chu sequence [14] as the pilot since the PAPR problem is
not present as shown in Figure 7.

3.5. Noise Power Estimation. The noise component at the gth
pilot subcarrier can be estimated by subtracting the received
pilot component H,¢(q)P(q) from Re(q) as

Neg(q) = Re(q) — Heg(q)P(q) (11)

for g = 0 ~ N,, — 1. The noise variance estimate can be
obtained as

Np—1

200, = NL > ’Ne,g(‘J) ‘2
m g0

(12)
Note that in the case of channel estimation scheme presented
in Section 3.2, all subcarriers are used as pilots (i.e., N;, =
Ny).

In what follows, we present MSE analysis of the channel

estimator with use of both time-domain first-order filtering
and frequency-domain interpolation.

4. Performance Analysis

We have presented pilot-assisted channel estimation schemes
in Section 3. The performance of channel estimators pre-
sented in Sections 3.2 and 3.3 has already been theoretically
investigated in literature; hence, we analyze only the perfor-
mance of the estimator presented in Section 3.1.

The gth frame’s filtered channel gain estimate at the gth
subcarrier can be expressed as

Hg(q) = yHg(q) + (1~ y)Hg-1(q) (13)

with the initial condition Ho(gq) = Ho(g) and 0 < y < 1. We
define the MSE at nth subcarrier component of the gth frame
as MSEg (1) = E[leg(n)|*] = E[|Heg(n) — Hy(n)|?].

Substituting (9) and (10) into (13), the channel gain
estimate is given as

Heg(n) = yHy(n) + (1 — y)Hg-1(n)

No=1 (14)
+(1=y) > Ne1(q)¥(n,q),
q=0
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FiGure 7: Pilot amplitude: (a) constant amplitude in frequency-domain (FD), (b) constant amplitude in time-domain (TD), and (c) constant

amplitude in both time- and frequency domains (Chu).

where
1 sin(aN,.((Kg = n)/N.)
Yma) = = in(((Kq - n)/N.)
(15)
X exp [—jﬂ(Nm - 1)K%\’_ n]

is the frequency-domain interpolation function with q =
[n/K] forn = 0 ~ N — 1. Using (14), the MSE¢(n) of the

gth frame’s filtered and interpolated channel gain estimate at
the nth subcarrier is obtained as

2E\ 7!
~)
+2(y = 1)*[Ru(0) = Jo (27 /o Ty N ) |,

where Ry(m — n) = E[Hg(n)Hg*(m)] is the channel
frequency-correlation function, Jo(x) is the zeroth order

MSE,(n) = (1 - y)zMSEg_l(n) + yz( (6)
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Bessel function of the first kind, and fp Ty is the normalized
Doppler frequency with 1/Ty = 1/T.N,,. We assume Jake’s
isotropic scattering model [15]. It can be seen from (16)
that the gth frame’s MSE¢(n) of the channel estimator is a
function of the previous (g — 1)th frame’s MSE. To obtain
average MSE in a steady-state condition, we let g — o and
thus, we obtain

oy 2E,\ !
mse = 25 (%)
) (17)
+ Zy%—_ly)) [Ru(0) — Jo (22 foTyN) |

As shown by (17), the MSE of channel estimator with time-
domain first-order filtering and frequency-domain interpo-
lation is not a function of the channel frequency-selectivity
and it is only a function of Ey/N, and the channel time-
selectivity. The first term of (17) represents the influence

EURASIP Journal on Wireless Communications and Networking

MSE (dB)
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FIGURE 10: Average MSE performance.

of AWGN, while the second term represents the influence
of the channel time-selectivity. Thus, a tradeoff is present;
as the filter coefficient y increases (decreases), the channel
estimator becomes more (less) robust against the channel
time-selectivity while on the other hand, the estimator ability
to reduce the noise decreases (improves). This tradeoff
property computed using (17) is illustrated in Figure 8.

5. Simulation Results and Discussions

Simulation parameters are shown in Table 1. We assume
QPSK data-modulation with N, = 256 and N,, = 16. Chu
sequence is used as the pilot given by p(t) = exp(jmt?/Ny,)
fort = 0 ~ N,, — 1 [14]. Propagation channel is an L =
16-path block Rayleigh fading channel having exponential
power delay profile with decay factor « as shown in Figure 9.
The zero-mean independent complex path gains {h; | =
0 ~ L — 1} remain constant over one OFDM/TDM frame
length and vary frame-by-frame. Without loss of generality,
we assume 7p = 0 < 7] < - - - < 771 and that the Ith path
time delay is 77 = IA, where A(= 1) denotes the time delay
separation between adjacent paths. The maximum time delay
of the channel is equal to the GI length (i.e., L = Np).

5.1. Optimum y. Figure 10 shows the average MSE as a
function of the time-domain filter coefficient y with fpT
as a parameter for « = 0dB and the average signal energy
per bit-to-AWGN power spectrum density ratio E;/Ny = 5
and 15dB (ie., E,/Ny = 0.5 X (Es/Ny) X (1 + Ng/N;)).
fp is the maximum Doppler frequency and Ts (= (N, +
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TasBLE 1: Simulation parameters.
Data modulation QPSK
Frame length N. =256
Transmitter IFFT size N,, =16
No. of slots K =16
GI N, =16
Channel L = 16-path fast Rayleigh fading with A = 1
. FFT size N, = 256
Receiver
FDE MMSE

Ng)T.) is OFDM/TDM frame length. The figure shows
that the proposed channel estimation provides a good MSE
performance. As the value of y decreases, the noise is
reduced, but the tracking ability against fading tends to
be lost. As fpT; increases, the channel varies faster and
consequently, the higher y is required to better track the
fading variations. Thus, the optimum value of y is not only
a function of E,/Nj but also the channel time-selectivity. As
shown in Figure 10, the optimum y,p, for minimizing the
MSE for E,/Ny = 5 (15)dB is about y,,; = 0.03 (0.04),
0.1 (0.15), and 0.3 (0.5) for fpT, = 0.0001, 0.001, and 0.01,
respectively.

5.2. BER Performance. Figure 11 illustrates the average BER
performance using the proposed channel estimation as a
function of E,/Ny for fpT; = 0.0001 and « = 0dB. The
optimum y is used for each E;/Ny value. It can be seen from
Figure 10 that the OFDM/TDM with the proposed channel
estimation achieves a much better BER performance than
OFDM,; the required E;,/Nj for BER = 1072 reduces by about
6.5dB in comparison with OFDM using TDM-pilot when

1E—-01

TDM-pilot

FDM-pilot

Ideal CE

Average BER
&
&
N

B OFDM/TDM
i L=16
MMSE-FDE
Ey/Ny=15dB
1E—03 L TR
0.0001 0.001 0.01 0.1
fpT;

F1GURE 12: Impact of fp.

foTs = 0.0001. The E,/Ny degradation of OFDM/TDM in
comparison to ideal channel estimation is only about 0.6 dB.

The normalized Doppler frequency fpT; is an important
parameter that affects the BER performance with pilot-
assisted channel estimation. To show the advantage of
OFDM/TDM over the conventional OFDM, Figure 12 shows
the BER performance with proposed channel estimation as
a function of fpT; for E,/Ny = 15dB and &« = 0dB. The
optimum Yy, is used for each fpT value. For comparison,
we also plot curves for OFDM with channel estimation using
both FDM-pilot and TDM-pilot. The achievable BER of
OFDM/TDM is lower than OFDM, but it slightly increases
as fpT increases.

The above performance improvement is obtained at the
cost of a slight increase in computational complexity in
comparison with conventional OFDM [13].

5.3. Impact of Channel Frequency-Selectivity. The channel
frequency-selectivity is a function of channel decay factor «;
as « increases the channel becomes less frequency-selective
and when « — oo it approaches a frequency-nonselective
channel (single-path channel). Figure 13 illustrates the aver-
age BER performance using the proposed channel estimation
as a function of the channel decay factor a.

First we examine the impact of a on the channel
estimation accuracy by evaluating the MSE. Figure 13(a)
illustrates the dependency of MSE of channel estimation on
« when E,/Ny = 15dB. The MSE is almost insensitive to
fpTs. Figure 13(b) illustrates the BER dependency on a when
E,/Ny = 15dB. The BER curve of ideal channel estimation
case is also plotted as a reference. It can be seen that, as
« increases, the BER slightly increases due to the reduced
frequency diversity gain resulting from a weaker channel
frequency-selectivity.
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FIGURE 13: Impact of channel frequency-selectivity.

5.4. Fixed y. Since y is one of the key parameters in the
estimator, in this section, we discuss the robustness of the
algorithm when y is fixed. Figure 14 illustrates the average
bit error rate (BER) performance with: (i) ideal CE, (ii)
optimum y (i.e., yopt) and (iii) fixed y. The performance with
ideal CE is illustrated as a reference.
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FiGure 14: Fixed y (y = 0.5 at E,/Ny = 15dB and fpT; = 1072).

Figure 14(a) illustrates the BER performance as a func-
tion of Ep/Ny at fpTs = 1072 The figure shows that for
a lower Ey/Ny (i.e., Ey/Ny < 15dB), the BER with fixed
y = 0.5 is almost the same as with y,p. As expected, yop; and
fixed y = 0.5 give the same BER at E,/Ny = 15 dB because
y = 0.5 is optimum value at E;/Ny = 15dBand fpTs = 1072
However, as Ep/Ny increases (i.e., E,/Ng > 15dB), the BER
with fixed y = 0.5 approaches a floor value of about BER =
1073, while the performance with y,p consistently improves.
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Figure 14(b) illustrates the BER performance as a func-
tion of fpT; at Ep/Ny = 15dB. The figure shows that in a
slow fading environment (i.e., fpTs; < 1072) the BER with
fixed y = 0.5 slightly increases in comparison with yop; for
fpTs = 1073 the BER performance degradation with fixed
y = 0.5 is as small as 2 x 1077 in comparison with yop.
As expected, yope and fixed y = 0.5 give the same BER at
fpTs = 1072 because y = 0.5 is optimum value at E,/Ny =
15dBand fpTs = 10-2. However, as the value of fpT; further
increases (i.e., the channel becomes more time selective) the
BER rapidly increases as well.

The above results indicate that if a fixed y is to be used,
Yopt at the nominal value of E,/Ny and fp T in a considered
scenario should be selected as the fixed y.

6. Conclusions

In this paper, the performance evaluation of OFDM/TDM
using MMSE-FDE with practical channel estimation in a fast
fading channel was presented. A tracking against fast fading
is improved by robust pilot-assisted channel estimation
that uses time-domain first-order filtering on a slot-by-slot
basis and frequency-domain interpolation. The MSE of the
channel estimator using time-domain first-order filtering
and frequency-domain interpolation was derived and then,
a tradeoff between improving the tracking ability against
fading and the noise reduction was discussed. It was shown
that the OFDM/TDM using MMSE-FDE provides a lower
BER and a very good tracking ability against fading in
comparison with conventional OFDM while keeping the
same data-rate transmission.
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