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Abstract. In this paper, we proposed a frequency-hopped space-time coded
orthogonal frequency-division multiplexing (FHST-OFDM) over time-varying
multipath channels. Although OFDM is robust against frequency-selective
fading channels, it is more vulnerable to the time-varying channels and has a
higher peak-to-average power ratio (PAPR) than single-carrier systems. In
space-time block coded OFDM (ST-OFDM), channel time variations cause not
only the intertransmit-antenna interference (ITAI), but also the inter-carrier
interference (ICI). In this paper, based on the analysis of the ITAI and ICI in
ST-OFDM systems, the FHST-OFDM transmission scheme is proposed to
reduce both ITAL ICIL and PAPR simultaneously. By combining the Alamouti
scheme and the frequency hopping, full data rate and frequency diversity can be
achieved by the proposed FHST-OFDM over the time-varying multipath
channels. Finally, simulation shows that the proposed FHST-OFDM scheme
gets better performance over time varying channels.
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1 Introduction

In order to eliminate the detrimental influence of the channel fading and increase
spectrum efficiency, both of the transmit diversity and the orthogonal frequency divi-
sion multiplexing (OFDM) technologies have drawn a lot of attentions and exhibited
great advantages in the next generation wireless communication systems.

Recently, transmit diversity has been studied extensively as a method of over-
coming the detrimental effects of wireless fading channels because it is relatively easy
to implement and multiple antennas at the base station are often available. One
attractive approach of implementing transmit diversity is space-time block codes
(STBCs) [1-3]. However, the orthogonal space-time block code (OSTBC) results in
data rate loss if more than two transmit antennas are used [2]. The quasi-orthogonal
space-time block code (QOSTBC) was proposed in [4, 5] to achieve full data rate at the
cost of performance loss. Moreover, STBC are typically designed assuming that
channel is quasi-static fading. However, in practice, the time-varying channel will
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destroy the orthogonality of signals among the transmit antennas and result in
intertransmit-antenna interference (ITAI) in the STBCs.

Multi-antennas can be combined with OFDM to achieve spatial diversity and/or to
increase spectral efficiency through spatial multiplexing. for the multi-antenna OFDM
systems in frequency-selective channels, STBC schemes must be extended to include
frequency element, forming space-time block coded OFDM (ST-OFDM) [6-9]. Similar
to single antenna OFDM, ST-OFDM is also sensitive to the Doppler shift and fre-
quency offsets that destroy the orthogonality among the subcarriers. In the OFDM
systems with N subcarriers, the OFDM symbol duration is Ny, the number of sub-
carriers, times the modulated sampling period. Consequently, ITAI caused by channel
time variations in ST-OFDM systems is more pronounced than that in single-carrier
STBC systems. Interference cancellation schemes for ST-/QOST-OFDM over fast
varying channel were proposed in [10-14] to mitigate the ITAI and/or Intercarrier
interference (ICI). However, these interference cancellation schemes increase the
computational load at the receiver.

The performance of a mobile communication system heavily relies on how well the
system is designed to overcome the time-varying channel. In this paper, based on the
analysis of the ITAI and ICI in ST-OFDM systems, a simple FHST-OFDM trans-
mission scheme with four transmit antennas is proposed to mitigate the ITAI and ICI.
Additionally, the peak-to-average power ratio (PAPR) is also been suppressed. In the
proposed FHST-OFDM scheme, Alamouti STBC scheme and frequency hopping are
adopted to provide full data rate and frequency diversity over the time-varying mul-
tipath channels. By using frequency hopping, only N,/2 subcarriers are active in each
time slot for each antenna. Therefore, the proposed FHST-OFDM experiences less ICI
and it has a lower PAPR.

This paper is organized as follows. The system description is provided in Sect. 2.
The proposed FHST-OFDM is derived in Sect. 3. Section 4 presents the simulation
results and Sect. 5 concludes this paper.

Notation: In this paper, a boldface letter denotes a vector or matrix, which will be clear
from the context; I, denotes an M x M identity matrix. The superscript (-)*, (-)7, and
()" denote the complex conjugate, the transpose and the Hermitian transpose opera-
tors, respectively. ||, E(-) and var(-) represents absolute value, expectation and variance
operators, respectively. diag(-) denotes the diagonal parts of a matrix. |||z and #(-)
denote the Frobenius norm and the trace of a matrix, respectively.

2 System Description

We focus on an ST-OFDM system with P transmit antennas, one receive antenna, and
N subcarriers in the time-varying multipath channels. The input sequence {a(i), i = O,
..., Ny P — 1} is serial-to-parallel converted into P sequences, each of length N, as

ay(k) = a(k+ (p — 1)N;),

1
forp=1,...,P, andk=0,...,N; — 1. (1)
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Each sequences a, (k) is then serial-to-parallel converted and mapped into the
space-time coded matrix according to the ST-OFDM scheme.

Taking the inverse discrete Fourier transform (IDFT), the Ny x 1 complex vector
for each transmit antenna is converted into time-domain. The time-domain signals
transmitted from the p-th antenna during the g-th OFDM symbol period can be
expressed by

X, o(m) = . iemk
p, q(m) ;bpq() )

m=0,...Ny—1,andg=1,...,0,

where b,, ,(k) is the space-time encoded symbol for the p-th transmit antenna during the
g-th symbol period on the k-th subcarrier, and Q denotes the block size of the
space-time code. After the cyclic prefixes are added, the OFDM symbols are
transmitted.

Since the channel is time-varying, the relationship between the channel coefficients
forpathl (I =0, ..., L — 1) of antenna p at times nT (Ty is the sampling interval) and
(n + m) T, during the g-th OFDM symbol period can be described by using the
first-order autoregressive model as in [15, 16].

hPaq(n+mal) = O(mhp?q(na l)+ﬁp,q(n+m7 1)7 (3)
where
oy = Jo (21 - mfyTy), 4)

and f, is the Doppler shift, Jo(-) is the zeroth-order Bessel function of the first kind, 8, ,
(n, 1) are independent (for different indexes p, ¢, [, and n) complex Gaussian random
variables with zero mean and variance

= (1-2), 5

where a7 denotes the variance of the [-th path of the channel.
The received signal at the sampling time n can be given as

~

=D g Dy g(n = 1) + wy(n), (6)

p=11

i
o

where 7; denotes the delay of the [-th path, w,(n) is complex additive white Gaussian
noise (AWGN) with zero mean and variance of o2.

At the receiver, after removing the cyclic prefixes and performing FFT, the received
signal on the m-th subcarrier can be given as
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Ny—

bqkefj%mk vg(m),
I;:%q k)bp, q(k) +vq(m) 7

k=0,...Ny—1landg=1,...,0,

—

where v, (m) denotes the FFT of additive white Gaussian noise, and

~

Ppqm, k) =D 1, 4 (m — K)e W, (8)

Il
o

My, g 1(m — k) thqnl I m=kn (9)

Sn()

The notation 7, , (m — k) represents the FFT of the /-th path component between
the p-th transmit antenna and the receive antenna during the g-th symbol period. Note
that ¢, ,(m, k), for k # m, denotes the ICI from the k-th subchannel to the m-th
subchannel for the p-th transmit antenna, and ¢,, ,(m, k) = ¢, ,(m) for k = m. The more
detailed interpretation of #, , (m — k) and @, ,(m, k) is provided in [17].

The received signals can be expressed in matrix form as

Ny—1
R(m) =H(m)A(m)+ Y H(m, H)A(k)+V(m),
k=0, k#m (10)

form=0,..,N;—1

9

T
where R(m) = {rl(m)7 ry(m), ..., ro_1(m), rg(m)} s A(m) = [ai(m), ...,a,(m), ...,

ap(m)]", and V(m) = [vl(m)7 vi(m), ...,vo_1(m), v*Q(m)}T, H(m) is the equivalent

channel matrix with dimensions Q x P. The second term on the right-hand side of (10)
represents the ICI, and channel time-variations in H(m) induce ITAIL

Crrai(m) = H" (m)H(m) — p(m), (11)

where

p(m) = diag (HH(m)H(m)) . (12)

3 Frequency-Hopped Space-Time Code OFDM

In the ST-OFDM systems, the frequency-selective channel is converted into a col-
lection of parallel frequency flat fading subchannels. Therefore, a space-time block
code can be applied for each subcarrier. In general, the detector assumes that the
channel does not change during a space-time coded OFDM symbol block. This is a
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critical restriction for OFDM compared to single carrier systems since the OFDM
symbol duration is N, times larger than the symbol duration in single carrier system. In
ST-OFDM, the time-varying channels cause not only ITAI but also ICI among different
subcarriers. Consequently, the performance of ST-OFDM will become poor under fast
fading environments.

In this section, we present an FHST-OFDM equipped with four transmit antennas
over time-varying channels. The block diagram of FHST-OFDM is given in Fig. 1. At
the transmitter, the modulated symbols are space-time coded by using two STBC
encoders. For antenna 1 and antenna 2, during the first and second symbol durations,
the space-time coded symbols are transmitted on odd subcarriers, and during the third
and fourth symbol durations, the space-time coded symbols are transmitted on even
subcarriers. Contrarily, for antenna 3 and antenna 4, during the first and second symbol
durations, the space-time coded symbols are transmitted on even subcarriers, and
during the third and fourth symbol durations, the space-time coded symbols are
transmitted on odd subcarriers. The space-time coded symbols are modulated by IFFT
into OFDM symbols. After adding cyclic prefixes, the OFDM symbols are transmitted.

_ —a,() 4 (1), ] \Y4
Fa,(2)a(2) -
) aB) |
Fe@a® o E - 5
5 .
—» 3
=
&3 . p— p—
Q a() ayy \%
E a2 @)
2 40) ()] o I
a,(4) a,(4) o & ™ O
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Fig. 1. Frequency hopped space-time coded OFDM scheme with 4 transmit antennas.

At the receiver, after removing the cyclic prefixes and performing FFT, the received
signal vector on the even and odd subcarriers can be given as

N,—2
R, (m) = He(m)Ac(m) + > He(m, k)Ac(k) + Ve(m), (13)
k=0

m k=0,2,...,N,—2
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Ry (m) = Hy(m)A(m) + Z H, (m, k) Ao (k) + Vo (m), 1)

m, k=1,3,...,N;—1

where H.(m) and H,(m) are the equivalent channel matrices on the even and odd
subcarriers, respectively, in the frequency domain, A.(m)/Ay(m) and V(m)/V,(m) are
the transmitted signal and the noise vectors on the even/odd subcarriers.

3.1 ITAI Caused by Time-Varying Channels

As shown in Fig. 1, since the even and odd subcarriers on the different antennas are
used alternately, there is no interference for the space-time coded symbols between two
STBC encoders. However, in the time-varying channel, the channel coefficients will
change in time, which may cause ITAI (11). Considering the time-varying character-
istics of the channel, we analyze the ITAI of the proposed FHST-OFDM.

The equivalent channel matrix in (13) and (14) can be given as

. %.1(’”) pr+1.1(m) _
Heo(m) = (_¢;+1,2(m) @y, 2(m) )7 p=13 (13)

where @, ,(m) (¢, m, k) = ¢, ,(m), when k =m) denotes the channel frequency
response on the m-th (even/odd) subcarrier for the p-th transmit antenna and the g-th
(g = 1, 2) symbol time, and

qop,2(m) =7 (pp,l(m)+8[h15 (16)

where ¢, are independent complex Gaussian random variables with zero mean and
variance

O'? =1- s 27 (17)
and the channel correlation factor y is given as
V:Jo(zﬂi'fd(Ns—f—C)TS), (18)

where ¢ denotes the length of cyclic prefix.
According to (15), we represent (11) as (19)

2 2 * *
CIHST (1) — |(Pp1 | +|(/’p+1,2(m)‘ %,1( )Ppi1,1(m) — Py, z(’”)%;l.z(’”)
@y 1 M)y 1 1(m) — @p2(M)pyy 1 5(m) |‘Pp+1 1 | + |(/’p 2(m ‘
2
(}q)pl | +|¢p+12 ){ 0 )
2
|‘/’p+|,1(m)| +|(/’p.,2(m)‘ (19)
_ 0 @ 1 (M)@p 1,1 (M) = @y 5 (M) 1 2 (m)
Pp,1 (m (/)p+l e ‘/’p.z(m)‘/’;+1.2(’") 0
( #12 )
Moy (m)
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Substituting (16) into (19), the magnitude of interference p;»(m), po1(m) in (19)
can be given as

,Ul,z(m) :q);,l(m)(pp+l.,l(m) (20)
— [ m) a5 ()] [0 0 () + 11 (m)],

Ho, 1 (m) = Pp, 1(’")(/’;+ 1,1 (m)

21
R I o R ) I

. 2
where ¢, ,(m) (q = 1, 2) has zero-mean and variance 1 — | 7 |°, and we assume that Ppaq
(m) is a complex Gaussian process with zero-mean and unit-variance. The variance of
Uy 2(m) and i, 1(m) can be given as

var(ju, o (m)) = var (s 1 (m)) = 2(1 = ), (22)

The variance of | ¢,.1(m) |* + | @, + 12(m) [ and | @, 4 1.10m) > + | @p2(m) [* in (19)
can be given as

Vaf(|(Pp,1(m)|2+|(Pp+1,2(m)|2) 23
= var (g, 4 1.1 0m)[ + [0, 20m)") =2

Therefore, at each subcarrier, the signal to ITAI ratio of the FHST-OFDM is
SIRERT = 1/(1 = yF). (24)
According to (18) and (24), the SIRFTPI:IT is the function of f; and Ty, as
SIRTAT = frnst (fa, T)- (25)
The equivalent channel matrix of QOST-OFDM can be given as
P11 (m) ?2.1 (m) ?31 (m) P41 (m
—fP;z(m) (Pf,z(m) —(Pz,z(m) Pz o\m

)
(m)
_9";3(’”) —904*1,3(’") go*f&(m) @2,3(’")
@4,4(’") —<p374(m) _402,4(’”) @1,4(’”)

Hoost = (26)

Similar to the above analysis, with four transmit antennas, the signal to ITAI ratio
of QOST-OFDM at each subcarrier can be given as

SIR;f = 1/(2 =9 = 9*) = faost (fa, T). (27)

For QOST-OFDM, since the interference caused by the code structure is manip-
ulated by a pairwise maximum-likelihood (ML) decoding scheme [4], only the inter-
ference caused by time-varying is considered in (27).
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| Ok FHST-OFDM
QOST-OFDM []
£ e |
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0 50 100 150 200 250 300 350 400 450 500
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Fig. 2. Signal-to-ITAI ratio versus f,.

As the functions of f,, SIREIST and SIRROS" are compared in Fig. 2. As shown in
Fig. 2, in time-varying channels, as f; increases, the signal-to-ITAI ratio of
QOST-OFDM decreases more rapidly than that of the proposed FHST-OFDM scheme.
Compared to QOST-OFDM, the block size of the proposed FHST-OFDM is two
instead of four. Therefore the proposed FHST-OFDM scheme is less sensitive to the
time-varying channels than the QOST-OFDM, and it obtains better performance than
QOST-OFDM over time-varying multipath channels.

E[ B (m)Ac(m)11F]

SRS = 5
N;—2
Y. He(m, k)Ac(m)
k=0, k#m

E
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Ne—1 2 2 .17
> ZZ|¢1},q(m)|]

k=1,k#m q=1p=1

and

Mm

> |<op,q<m>\2]

1 p=1

SIRIZET =

mk=1,3,..,N—1,  (29)
E

respectively, and

SIREST = SIngfeT = SIR{AY (30)

3.2 ICI Caused by a Time-Varying Channel

Compared with QOST-OFDM, the proposed FHST-OFDM uses half subcarriers and
they are spaced twice as far apart. In each time slot, only N,/2 subcarriers are used in
FHST-OFDM, so we can reduce the interference from adjacent subcarriers. Hence, the
proposed FHST-OFDM experiences less ICI than the QOST-OFDM.

When the channel is time-varying, channel variation within an OFDM symbol
gives rise to ICI as shown in (10). From (10), the signal to ICI ratio of the proposed
FHST-OFDM at each even and odd subcarrier can be given (28) and (29) at the bottom
of the previous page.

According to (10) and (24), the signal to ICI of QOST-OFDM can be given as

— E|[m)Ag(m)] ;]

2

El| S Hom, 0Agm)

k=0, k#m

F

i (E [H(m)AQ(m)Ag (m)HH(m)D

tr(E < 5 Hm, k)AQ(m)>< 5 Him, k)AQ(m)> >
L \k=0,k#m k=0, k#m |

E[pgost(m)]

zr(E ( 5 Hm, k)AQ<m>>< 5 Hm, k)AQ<m>> )
L k=0, k#m k=0, k#£m ]

(31)

=0, k#m g=1 p=1

E[ Yooy |<p,,7q<m>|2]
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Since only N,/2 subcarriers are used in the proposed FHST-OFDM, with (30) and
(31), we have

SIRIPT (32)
SIREST
the signal to ICI ratio of the FHST-OFDM is two times that of QOST-OFDM.

3.3 PAPR Reduction

One of drawbacks of the OFDM system is the PAPR. Since the complex baseband
OFDM signal is the combination of many sinusoids with different frequencies, the
instantaneous power of the resulting signal may be larger than the average power of the
OFDM signal, so the signal exhibits high peaks. When the fluctuant signal exceeds the
linear region of a high power amplifier (HPA), saturation caused by the large peaks will
induce intermodulation distortion clipping noise. This distortion deteriorates bit error
rate (BER) performance and causes spectral leaking, resulting in out-band interference
[18].

PAPR is defined as the ratio of the peak power to the average power of the OFDM
signal, and it is given by

P
PAPR = 10 log,, ( ;EA"

AVG

)10 log;oN; (dB). (33)

where Ppgax and P,y is the peak power and average power, respectively. In the
proposed FHST-OFDM, at each time slot, only N,/2 subcarriers are used. The peak
and average power of the FHST-OFDM is Nf/4 (W), and N,/2 (W), respectively.
Therefore, PAPR reduction achieved by the proposed FHST-OFDM can be deduced as

N2 /4
N,/2

PAPRgp = 10log,, Ny — 1010g10( ) =3 (dB). (34)

4 Simulation Results

In this section, we demonstrate the performance through computer simulations. Sim-
ulations are carried out based on the ITU channel model as shown in Table 1. We
assume that the OFDM systems equip four transmit antennas and one receive antenna,
and employ the quaternary phase-shift keying (QPSK) modulation. The turbo coding
with the channel code rate 1/2, the constraint length of 4 bits, and 8 iterations are
considered in our simulations. The available channel bandwidth is 10 MHz, which is
divided into 1024 tones, and we use a 1024-point IFFT and a 2.3 GHz center fre-
quency. Moreover, we assume that perfect channel state information (CSI) is available
at the receiver, and the transmit antennas are separated sufficiently.
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In Fig. 3, we compare the proposed FHST-OFDM and QOST-OFDM with
vehicular speed v = 5 km/h and v = 60 km/h. Alamouti decoding scheme [1] is used
for FHST-OFDM and a pairwise ML decoding scheme [4] is used for QOST-OFDM,
respectively. For v = 5 km/h, the FHST-OFDM outperforms the QOST-OFDM about
2.5 dB in the case of BER = 10*. At a high signal-to-noise ratio (SNR), the signal to
interference ratio (SIR) is the dominant factor to the system performance. Since the
proposed FHST-OFDM suffers less ITAI and ICI than the QOST-OFDM, it outper-
forms QOST-OFDM especially in the high SNR region. When SNR > 20 dB, the
QOST-OFDM approaches saturation due to the effect of the SIR. As mentioned above,
the proposed FHST-OFDM suffers less ITAI and ICI than QOST-OFDM due to the
smaller block size and frequency hopping (only N,/2 subcarriers are used in each time
slot), so a larger v makes the QOST-OFDM more vulnerable to time variations of the
channel coefficients. As shown in Fig. 3, at v = 60 km/h, the BER performance of the
QOST-OFDM is degraded more rapidly than that of the proposed FHST-OFDM.

Table 1. ITU vehicular A channel model

Relative delay (ns) 0[310 | 710 {1090 | 1730 |2510
Power delay profile (dB) |0|—-1.0|—-9.0 | —10.0 | —15.0 | —=20.0

Figure 4 compares the BER performance of the proposed FHST-OFDM and
QOST-OFDM when the decision feedback equalizer (DFE) is used to perform inter-
ference cancellation in the receiver. As shown in Fig. 4, at v = 60 km/h, the proposed
FHST-OFDM gets about 5.5 dB of performance gain compared to QOST-OFDM.

It should be mentioned that the frequency response might not be constant over N;
subcarriers in a multipath channel environment. Therefore, the proposed FHST-OFDM

10
—O— FHST-OFDM, v=5km/h [
¢ —£— QOST-OFDM, v=5km/h [
P % —C— FHST-OFDM, v=60km/h
10 s —<7— QOST-OFDM, v=60km/h 3
TR
NNy
x L1
u ks NI
3 U\\m
10 5
Y p =
Q.
10*
~
10 ©
0 5 10 15 20 25
SNR(dB)

Fig. 3. BER performance for the proposed FHST-OFDM and QOST-OFDM with conventional
decoding schemes.
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10
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10'1 \0\

s
Ao
10% ]
14
10°
Ao}
10 Y 4
10°
0 5 10 15 20 25

SNR(dB)

Fig. 4. BER performance for the proposed FHST-OFDM and QOST-OFDM with DFE at the
receiver.

not only reduces the interference, but also achieves frequency diversity by using fre-
quency hopping. Moreover, the FHST-OFDM can achieve a 3 dB PAPR reduction
compared to QOST-OFDM since only N,/2 subcarriers are used in each time slot.

5 Conclusion

In the ST-OFDM systems, time varying channel cause both the ITAI and ICI, which
significantly degrade the BER performance. In this paper, we analyzed ITAI and ICI
caused by channel variation, and a FHST-OFDM has been proposed. Compared with
QOST-OFDM, the proposed FHST-OFDM is more robust against the time-varying
channel. Frequency diversity can also be obtained over the multipath channel envi-
ronment, and the proposed scheme gets lower PAPR than QOST-OFDM. Furthermore,
since the proposed FHST-OFDM is a simple transmission scheme and no additional
manipulation is needed at the receiver, it is attractive in low cost scenarios, such as the
handset in the uplink of cellular networks.
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Liaoning (Grant Nos. 20170540060 and 2015020031), Liaoning Provincial Department of
Education Research Project (L2015043).
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