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1. Introduction

Orthogonal frequency division multiplexing (OFDM) has been
attracting much attention for high-data rate transmission over a
wireless channel [1]. However, OFDM has a problem with high
peak-to-average power ratio (PAPR), which causes overall system
performance degradation [1]. Furthermore, OFDM cannot obtain
frequency diversity gain in a frequency-selective fading channel.
Our work steams from these two problems.

2. OFDM/TDM using FDE

For improving the transmission performance and overcoming
the PAPR problem of OFDM, an OFDM/TDM {[2] using FDE [3]
was presented. Our work is an extension and modification of the
work presented in [2], where the objective is to increase the
transmission data rate for the given bandwidth. Our objective,
however, is to reduce the number of subcarriers, while keeping
the data rate the same as conventional OFDM.

The signaling interval (called OFDM/TDM frame) of
conventional OFDM with N, subcarriers is divided into X slots as
shown in Flg 2. A sequence of data-modulated symbols {d,(i);
i=0~N_-1} is divided into blocks with N,,=N /K symbols each. The
k-th block symbol sequence in the gth frame is denoted by {d;(?);

#=0~N,,~1}, where d, (1)~dg(kN +i) for &=0~K-1 with E[|dg(z)i§] =1.

E[] is the enscmble average operation. The g-th frame
OFDM/TDM signal can be expressed using the equivalent
lowpass representation as

RSP
sg®= |3 D g " @exp) j2m—— )
m i=0 m

for =0~N-1, where Lx] and P represent the largest integer smaller
than or equal to x and the average signal power, respectively.
After insertion of an N,-sample Gl, the OFDM/TDM signal is
transmitted over a frequency-selective fading channel.

The received g-th OFDM/TDM frame is decomposed into N,
frequency components as

Rg(n)=Sg(MHy(m)+ Ng(n), )

where Sg(n), Hy(n) and N(n), respectively, denote the Fourier
transforms of the g-th frame OFDM/TDM transmit signal, the
channel impulse response and the additive white Gaussian noise
(AWGN). One-tap MMSE-FDE is applied to Ry(n) as [4]

C =

Ry (n)=wg(mRy (n) , @)
where w(n) denotes the MMSE equalization weight, which is
given as [5]

we(n)=Hp (n)/ (]Hg @) + 2a§), )

where 2"g2 and (-)* denote the noise variance and the complex
conjugate operation, respectively.

The time-domain OFDM/TDM signal is recovered by
applying N.-point IFFT to {R,(n); n=0~N,-1}, and then,
the demodulation of OFDM signal with N,, subcarriers is
done by N,-point FFT to obtain the decision variable as

=2 )( Zﬂ(n)}rmzzv(n)\v(n)
¢ n=0 n=0
.6
— ZS(n)lH(n) _— Z H(m)}v(n)
€ n=0 La—

where the first term is the desired signal component, the
second term is the noise and the third term is ISI
component. Hence, the conditional signal-to-interference
plus noise power ratio (SINR) is given by

p 1 N1 .
P € n=0
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with [ =

2
sin[mV m ﬁn__) / N, sin[ﬂ —&E—}i <1 . The
c c

theoretical average BER can be numerically evaluated by

averaging Eq. (6) over {H(n); n=0~N_-1} as [6]

p,,(—%} j j—;—erfc[‘j%_;}p({H(n)})HdH(")- Q)
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Fig. 1. OFDM/TDM transmittet/receiver structure,

The average BER performance of the OFDM/TDM using
MMSE-FDE is illustrated in Fig. 2 as a function of the average
signal energy per bit-to-AWGN power spectrum density ratio
Ey/Ny (=0.5(E¢/NoYx(1-+Ng/N,)) with a uniform power delay profile
(a=0 dB). It is seen from Fig. 2 that as K increases, the
MMSE-FDE consistently improves the BER performance. This is
because, as K increases, the transmitted symbol energy is
distributed over a X times wider bandwidth and MMSE-FDE is
used to reduce ISI and exploit the channel frequency-selectivity
through the frequency diversity effect.

3. Pilot-assisted Channel Estimation

MMSE-FDE requires accurate channel estimation (CE) {7] and
thus, a pilot-assisted CE suitable for OFDM/TDM using
MMSE-FDE is presented.

For pilot-assisted CE, the pilot frame is transmitted followed by
Ny OFDM/TDM data frames. First, by reverse modulation, the
instantaneous channel gain estimate at the nth frequency is

obtained as H(n) = R(n)/ P(n) for n=0~N,-1, where P(n)is the
nth frequency component of the time-domain pilot sequence p(#).
After reverse modulation, N_-point IFFT is applied to {H(n);
n=0~N_-1} to obtain the instantancous channel impulse response

{h(t), t=0~N1}. Assuming that the actual channel impulse
response is present only within the GI, the estimated channel
impulse response beyond the GI (i.e., =Ny~N,-1) is replaced with
zeros to reduce the noise and then, N-point FFT is applied to
{h(t); t=0~N1} to obtain the improved channel gain estimates
{H(n); n=0~N_-1},

The noise component at the nth frequency can be estimated
by removing the received pitot component H (n)P(n) from R(n) as
Nrny=R(n)-H,(n)P(n) for n=0~N1. The noise power estimate
can be obtained by averaging power of estimated noise
components. The channel gain estimate and noise power estimate
to be used for FDE are denoted by H,(n) and ¢,2, respectively (i.e.,
Hin)and o in Eq. (4) are replaced by H,(n) and o, respectively).
The average BER performance of OFDM/TDM with

pilot-assisted CE with and without delay-time domain windowing
is plotted in Fig. 3, as a function of the Ey/N,. It can be seen from
the figure that when delay-time domain windowing is used, the
signal-to-noise ration (SNR) of the channel estimates is improved
by a factor of N./N,, leading to an improved BER performance.

4, Frequency-domain STTD for OFDM/TDM

Recently, STTD [8] has been gaining much attention since its
use at a base station alleviates the complexity problem of mobile
receivers. In this chapter, joint frequency-domain STTD and
antenna diversity reception based on MMSE criterion for
OFDM/TDM transmission is presented.

At the transmitter (see Fig. 4), N -point FFT is applied to
decompose each OFDM/TDM signal frame given by Eq.
(1) into N, frequency components given by {Seor gy}

The Alamouti’s STTD encoding rule [7] is directly applied to each
frequency component and then, N -point IFFT is applied to obtain
the STTD encoded OFDM/TDM signal frames. In the even
OFDM/TDM frame interval (g=2u), the STTD encoded
OFDM/TDM signals, to be transmitted from the first and second
antennas, are s.(f) and s,(f), respectively, for =0~N,-1. In the odd
OFDM/TDM frame interval (¢=2u+1), the STTD encoded signals,
to be transmitted from the first and second antennas, are given as

1 = n
Antenna 0: o Z {- Se (n)}exp[ Jom —ﬁ:}

€ n=0

for =N ~2N_-1.
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Figure 4. STTD encoding for OFDM/TDM.

After removal of GI, the even and odd OFDM/TDM
frame signals, are decomposed by N-point FFT into N,
frequency components {Ry ) (7);n=0~N.~1}} . The

joint STTD decoding and antenna diversity reception is carried
out on each frequency component as

B2 3 i, O0Re, By, (R )
m,=0

i . ®
R, (n)= z {w; m, R, () =Wo, (RG (n)}
n, =0

where  Wo(or1y,m, (#) is the MMSE weight given by

1 N,-1 2
Wo(n),m, (n)= HO(I),m, (n) Z Z‘H"’n’”r (n)‘ + 20‘2 -9

m,=0m,=0
where H,, ,, () and 207 denote the channel gain between the

mqth transmit antenna and the m,-th receive antenna and the
variance of the sum of noise and residual interference,
respectively. The time-domain OFDM/TDM signal is recovered

by applying N-point IFFT to {f?e(or 0)(n)} and then, the
demodulation is done by N,,-point FFT to obtain the decision
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variables in the even (or odd) block as

i | NNt
di@=—- ZZH;,(m)%(n)W(n)
¢ m=0 j=0 I=
N.~1 N1 N~IN,~1 1
+ZSe(n)Z ZH,,,’, n)— Z 1,5 (m) | W) . (10)
n= m, =0 m=0 m=0 j=0 I=0
N,~IN,~1
+ZZ[N (n)+ N, ()] ()
n=0 m,=0

Then, the conditional SINR is given by

P
7(“2— ’ Hm,,m, )
o

Pl
o2 [N, Z‘:) %;H 1,5 (m)
= _ : _
Z}}m,.m, (n) - .(11)
1 P m=
P Nl 22| | NNt
Ko N, ,,,Z;, ;;H )| ¥
1
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The theoretical average BER is numerically evaluated by
averaging Eq. (7) over { H,,, ,, (n); n=0~N-1}.

Figure 5 shows the average BER performance of OFDM/TDM
with STTD for N,=1 as a function of the Ey/N, for the normalized
Doppler frequency f,T;=1.4x10*, As K increases from 1 to 16, the
required E/N, can be reduced to 23 dB due to frequency-diversity
gain (a frequency diversity gain of 11.3 dB). When K=16, the use
of proposed frequency-domain STTD encoding further reduces
the required Ey/N, by about 8.2 dB due to spatial diversity gain.

5. Further PAPR Reduction for OFDM/TDM

To further reduce the PAPR of OFDM amplitude clipping can
be applied. A trade-off between the PAPR reduction and the BER
performance is present; the PAPR is reduced as the level of
clipping reduces, but the BER degrades due to signal distortion.

The OFDM/TDM transmit signal is passed through the
amplitude clipping and filtering block [9]

s+ 0, [ @]<s
Fo={ st@ (12)
—_— otherwise
|sk (t)l

for =0~N-1, where f denotes the amplitude of the clipping level.
As a result of this operation, the maximum peak power is
suppressed to the clipping level.

Using the Bussgang theorem [10}, a nonlinear output can be
separated as a sum of a useful attenuated input replica and an
uncorrelated clipping noise as 5(¢) = as(¢)+5(f), where o and

§(¢), respectively, denote the attenuation constant and clipping

noise. The attenuation constant a, for lower B, can be well
approximated as [11]

Jx {8}.

a=1—exp{—,32}+——é——erfc (13)

After removing the GI, the received signal is decomposed into N,
frequency components as

Rg(n)=aSg(n)Hg(n)+§g(n)Hg(n)‘~|~Ng(n) 4
where S, ¢ (n) is the Fourier transform of clipping noise. One-tap

FDE is applied to Ry(n) to obtain &g (n)=w(n) Ry (n), where
w(n) is given as

w(n)=aHy (n)/ ([Hg (n)lz{ - }+2o‘2) . (15)

In Eq. (13), a is assumed to be known at the receiver.
OFDM/TDM demodulator output in this case is given as

2P «
3 ()= ]/ Z ZH(m)d Ot 4y st 09
m

and hence, the conditional SINR is given by

y(iz,ﬂ,w(n)})
[+2
SN P
—(:—Dz—az NLC WA
= - =0 (17
1 & ’ 2
N1l g2 Ii\I(n - I;V(m) +lw(n)|
e N, ,?;0 Ok

n=0

+ |- exp{- 52 }—-a]lf[(n)lz

The theoretical average BER .is numerically evaluated by
averaging Eq. (7) over {H(n); n=0~N-1}.

The theoretical and computer simulated average BER
performance for OFDM/TDM with K=16 is plotted in Fig. 6 as a
function of the E,/N,, for amplitude clipping level =0, 2, 5 and «
dB (B=cc corresponds to no clipping). It is seen that, for B>4 dB,
the BER performance of OFDM/TDM is almost not affected by
amplitude clipping. The BER degradation, when B=5 dB at
average Ey/Ny=17 dB, is small as 10~ in comparison to B=c,

6. HARQ Throughput Performance of OFDM/TDM

Broadband wireless packet technology is one of the core
technologies for the next generation of mobile communications
systems. Hybrid automatic repeat request (HARQ) with rate
compatible punctured turbo (RCPT) codes is one promising
technique [12].

OFDM/TDM transmitter and receiver structures are illustrated
in Fig. 7. In this chapter, we use turbo encoder as presented in the
previous chapter.

Three HARQ schemes are considered, represented by S-Px

(Systematic-Puncture period P=x). {p{’} and {pP} are

punctured with P=x and x different sequences of length 2N/x are
obtained, where N is the CRC encoded sequence length. In all the
schemes the first transmission consists of transmitting only the
systematic bit sequence {u;} of length N. The number of bits
transmitted in the second transmission onwards differs depending
on the puncturing period.

The impact of OFDM/TDM parameter X on throughput with
puncturing period P=2, 4 and 8 as a parameter is shown in Fig. 8.
The figure shows that in low Ey/Ny=12 dB region change of K
only slightly affects throughput of the OFDM/TDM for
puncturing period P=2, 4 and 8. However, for higher Ey/N, (=18
and 30 dB) region the change of K impacts throughput such that
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as K increases the throughput also increases for P=2, 4 and 8.
7. Conclusions

In this work, OFDM/TDM signal transmission using FDE over
a frequency-selective fading channel is presented to improve the
BER performance while reducing the PAPR of the conventional
OFDM. The numerical evaluation of the average BER
performance shows that OFDM/TDM using MMSE-FDE
provides a lower BER than conventional OFDM due to the
frequency diversity gain.

Since MMSE-FDE requires accurate channel estimates a
pilot-assisted CE suitable for OFDM/TDM using MMSE-FDE
was presented. It was shown that the OFDM/TDM with presented
pilot-assisted CE provides a lower BER and a very good tracking
ability against fast fading in comparison with the conventional
OFDM. .

To further improve the performance, a joint frequency-domain
STTD and antenna diversity reception based on MMSE criterion
for OFDM/TDM signal transmission is presented. The numerical
evaluation of the frequency-domain STTD-encoded BER
performance of OFDM/TDM in a frequency-selective Rayleigh
fading channel shows the improved BER performance in
comparison with conventional OFDM.

For further PAPR reduction it was shown that amplitude

clipped OFDM/TDM can be used to reduce the required E;/N, or
the amplitude clipping level for the given BER in comparison
with conventional OFDM with slight increase in PSD.
Finally, to improve the HARQ throughput performance of
conventional OFDM, the use of OFDM/TDM using MMSE-FDE
with HARQ is presented. The maximum throughput of HARQ
OFDM/TDM using MMSE-FDE is achieved when minimum
amount of redundancy bits is transmitted with a higher throughput
in comparison with the conventional OFDM. ‘
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