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Abstract— We consider several aspects of delay diversity in virtual antennas over which cyclically delayed versionshaf
coded OFDM. The cyclic properties of the FFT allow to do same signal are transmitted. The application of cyclic Yela

delay diversity in a cyclic manner without exceeding the guad ; ; i ; _
interval. We investigate the impact of different cyclic dehys in idnlv[e7r]3|ty to multi-carrier CDMA (MC-CDMA) was presented

terms of achievable diversity level, information theory amd BER . ) . .
performance. Furthermore, we propose an interleaving and ser In [8], cyclic delay diversity was analyzed with means of
assignment strategy which allows multiple users to exploithe full  coding theory using the design criteria for space-time sode
spatial diversity in an OFDMA system with appropriately chosen  which where presented in [9]. Requirements for the outer FEC
cyclic delays. Finally, we introduce a scheme with low delagnd 4o and an interleaver are given which allow to obtain full

low reference symbol overhead for differential modulation in di ity in f fl df lecti s
frequency direction which can be detected non-coherently rad Iversity in frequency-flat and frequency-selective cresn

is able to cope with the increased frequency-selectivity wh is Space-frequency code construction based on cyclic delay
caused by the cyclic delays. diversity and additional shifts in frequency direction isne
sidered in [10]. The additional shift in frequency allows to
derive a detector which exploits the spatial diversity with

the need for an outer FEC decoder.

Transmit antenna diversity techniques play an importantin this paper, we treat various further aspects of cyclic
role in wireless communications for establishing a rekablelay diversity such as an information theoretic investiga
link in fading environments. Besides performance, comiplex of the optimum cyclic delays, an interleaving strategy for
and backward compatibility are essential design parametssit-interleaved coded modulation and multi-user aspects o
A very simple transmit antenna diversity method is delagrthogonal Frequency Division Multiple Access (OFDMA),
diversity [1], [2]. Delay diversity techniques have regain where we propose an assignment of users to subcarriersh whic
attraction recently as simple transmit antenna diversigghm allows multiple users to exploit the full spatial diversity
ods. The idea is to transmit delayed replicas of a signalFurthermore, we address the application of differentiatimo
simultaneously from several antennas which are separaiggtion which can be detected non-coherently, i.e. wittzout
far enough in order to provide uncorrelated fading channekhannel estimation at the receiver. This is of relevanceesin
Essentially, when delay diversity is applied, the reces®es a disadvantage of cyclic delay diversity, which is negldcte
an equivalent single-input channel with increased frequen in most papers, is that channel estimation becomes a more
selectivity which can be exploited by an equalizer. difficult task due to the increased frequency-selectivithas

A problem associated with delay diversity is that the delayseen shown in [11], [12] that witir transmit antennas, the
may exceed the capability of an equalizer or require a long@limber of required pilot symbols is increased at least by a
guard interval which means reduced bandwidth-efficieney. Aactor of nr compared to a single transmit antenna system,
elegant solution to provide delay diversity without exdegd which results in lower bandwidth efficiency.
the guard interval in orthogonal frequency division muép  The paper is organized as follows: First, we present the
(OFDM) is to do the delays in a cyclic manner. This waghannel model in Section Il. The principle of cyclic delay
proposed agyclic delay diversity inf3] and in [4] where it diversity is explained in Section Il before we investigate
was namecircular generalized delay diversityn this paper, Section IV the impact of different choices of the cyclic dela
we refer to the scheme aygclic delay diversitySince OFDM on the effective channel and the achievable diversity level
applies only a one tap equalizer, the increased frequengye capacity of cyclic delay diversity is derived in Section
diversity needs to be exploited by a forward error corrgcting, The impact of particular realizations of the cyclic deky
decoder. well as the capacity gains over single transmit antenn@sst

Initial papers aimed to apply cyclic delay diversity ingre evaluated. Section VI proposes a scheme which allows
existing systems without modification of standards. E.§. [$nultiple users to exploit spatial diversity in OFDMA. Fihal
considered the implementation of cyclic delay diversity ithe application of differential modulation with cyclic el

terrestrial digital video broadcasting (DVB-T). The gaifios diversity is proposed and evaluated in Section VII.
different values of the cyclic delay were investigated byanse

of simulation. The impact of different cyclic delays on the
performance is investigated in more detail in [5].

The combination of cyclic delay diversity with beamforming We consider an equivalent baseband multiple—input
has been considered in [6], where several beams are usednaftiple—output (MIMO) channel wittny transmit antennas

I. INTRODUCTION

II. CHANNEL MODEL
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andng receive antennas. The impulse response from transigiitgle-input multiple-output (SIMO) channel with increas

antennan to receive antenna at timet is given by the xNs  frequency-selectivity, i.e. the spatial diversity is s&rmed

vector into frequency diversity which can be picked up by an outer

nm nm nm nm FEC decoder. In case of a convolutional code, the maximum

ht( = [h‘( )(O)’h‘( )(1)""’h‘( )(D)’O"“’O}’ (1) diversity level which can be exploited by the decoder is

where D is the memory per subchannel from a transmit t@etermined by the free distance of the code.

a receive antenna anbls is the FFT size of the OFDM

modulator. The channel coefficientﬁ”m)(d) are complex [IV. IMPACT OF THECYCLIC DELAYS ON THE EFFECTIVE

Gaussian random variables and the power delay profile is the CHANNEL IMPULSE RESPONSE AND THEDIVERSITY

same for all transmit antennas. The channel is assumed to LEVEL

be constant during transmission of an OFDM symbol suchThe characteristic of the resulting frequency domain ckeann
that - in case of a SUﬁ|C|ent|y |Ong guard interval - no |nterdepends on the choice of the Cyc"c de'% The channel

carrier interference occurs. Additive white Gaussian ﬂoi%oefﬁcient of thed-th subcarrier at receive antennain the
with variancea? per real dimension is added at each receiveth OFDM symbol is given by

antenna. The total transmit energy per time slot is denited nr
i.e. the energy per symbol transmitted from each antenna i% (m) (d) = ZH(nm)(d)eijrtdAn/Ns d=0,..,Ns—1, (5)
given byEg/nr. k — k "m=1,...,nR,

[1l. PRINCIPLE OFCYCLIC DELAY DIVERSITY where

The principle of cyclic delay diversity is depicted in Figur
1. The data is encoded by a forward error control (FEGY the FFT of the impulse response (1).
The full spatial diversity can be exploited if [13], [14]

HE™ = [HM™(0), ... K™ (N (6)

h®
t An > An71+ D, (7)
- @ where A, is normalized to the FFT sample spacidyg,= 0,
™ encode / and D is the channel memory. Sind@ is unknown at the
h{" transmitter but the lengtls of the guard interval represents
the assumed maximum length of the impulse response, the
cyclic delay could be chosen according to
Fig. 1. Cyclic delay diversity in coded OFDM. Transmitter. A=G+1+A01. (8)

) . . Another save option is to choose the maximum possible cyclic
encoder. After an optional interleavét, the code bits are delays according to

mapped e.g. on QAM or PSK symbols. OFDM is implemented
using the inverse fast Fourier transform (IFFT) of sidg A, Ns(n—1) _Ns +Dng. (9)
where Ns is the number of subcarriers. The output symbols nr nr
of the IFFT are denotedk,”t = 0,...,Ns— 1. Each antenna This particular choice of the cyclic delays has consequence
introduces a different cyclic dela,, n=1,...,nt, i.e. the for the effective channel frequency response: In case ef 2
transmit symbol from antennaat timet is given by tranidmit/ antennas and a cyclic delay/&f = Ns/2, the term
N o e 12mn/Ns in (5) can take two different values resulting in
K" = Rt-an) modngt = 0roNs =1, N=1,.0m. (2) 0 oftective channel coefficients
Before transmission, a cyclic guard interval (Gl) is inadd m m om
at each transmit antenna as it is usually done in OFDM. Hé )(d) - HiE )(d) +Hé )(d)’ d even
The system is equivalent to transmission of the sequence H™(d) = HM™(d)-H?"(d),dodd  (10)
X = [Xo, ..., %ns—1] OVer a frequency-selective channel with on

. . iven niform power del rofile for all transmit antenn
transmit antenna and impulse response PG en a uniform power delay profile for all transmit antennas

adjacent subcarriers happen to be uncorrelated, whereas th

hiot = {héﬂﬂ{(o% o DG (N — 1) (3) channel taps of every second subcarrier are correlatedeor ev
) ) identical in case of a flat fading channel. Hence, in a flatfgdi
to receive antennen, m= 1,...,nr, where with (1) channel, we observe only two different states of the effecti
(1m) nr (nm) frequency domain channel within an OFDM symbol.
hequt (d) = th ((d—A4n) mod Ns). (4) In the sequel, we denote the number of different channel
n=1 states which would result in a frequency-flat channelSy

The receiver is a standard OFDM receiver which removesy.S= 2 for nt =2 andA; = Ns/2. |.e. the spatial diversity

the guard interval and performs the FFT before QAM/PSI§ transformed into frequency diversity over a well defined

demapping, deinterleaving and decoding. number ofS adjacent subcarriers. If we choose a cyclic delay
Basically, cyclic delay diversity has transformed thef A, = S with nr = 2, the terme 124/Ns i (5) can

multiple-input multiple-output (MIMO) channel into atake four different values, i.e. in a frequency-flat chanmel



African Journal of Information and Communication Technology, Vol. 2, No. 1, March 2006

14

observe four different channel states of the resultingfeagy whereH (x) andH(x|y, Hy) denote the entropy and the condi-
domain channeH ™. ForA, = %, we obtain 8 different states tional entropy, respectively, andd), y(d) and Hy(d)) refer

etc. Similarly, in case ofir = 4 transmit antennas and cyclicto the transmitted symbols, received symbols and the SIMO
delays according to (9), we observe four different channehannel, respectively, for subcarrigr

states resulting from (5) in an OFDM symbol. The transmit symbols; are assumed to be equally likely,
We will exploit this property of the FFT in the following i.e. the entropy is given by
sections. H(x(d)) = log, M. (14)
V. CAPACITY OF CycLIC DELAY DIVERSITY The conditional entropy is obtained from
A. Capacity Calculation H(x(d)]y(d), Hk(d)) = =& (d) y(a) {102 P(xe(d) ]y (d), Hk(d)) }
The capacity of cyclic delay diversity can be computed S p(y(d)[x(d), Ay(d))
from the frequency domain representation (5) of the eqgeival x (d)e?

frequency-selective single-input multiple-output (SIan- = S yia) § 100

u p(y(d)[x(d), Hy(d)) ’
nel. We collect the channel coefficients of the SIMO channel
for subcarrierd in the ng x 1 matrix (15)

- T i i
Fi(d) = [ él)(d)v'."HIEnR)(d> (11) ;\/(Tsrzfg(d),y(d) denotes expectation with respect¢dd) and

and assume a sufficiently long guard interval of len@th D. . 1 lly(d) — I:|k(d)xt(d)||2
Then, the capacity of cyclic delay diversity with no channel p(y|x,Hg) = TR exp< 202 ) .
state information (CSI) at the transmitter but perfect CSI a ( ) (16)

the receiver for the channel realizatibfy is given by Similar as in the case of capacity for Gaussian transmit sym-

Ns—1 bols, we can analyse the ergodic or outage mutual informatio

B 1 Es ~ ™ H
C(Hy) = NG Z Iogz{det<lnR+ Nonr Hy (d)Ak(d) >}
d=0 (12) B. Numerical Results

Depending on the time variance of the channel, differentin the numerical results shown below, we neglect the
capacity concepts are meaningful: In an ergodic channehpacity loss due to the guard interval, i.e. we &t 0
the capacity is given by the expectatiGh= &y, {C(Hk)}. in (12) and (13), in order to make comparisons easier. The
This ergodic capacity implies that each codeword faces ahpacity including a certain guard interval of lengéhis
possible channel states, i.e. a fast fading channel. TredliErg obtained by multiplying the presented capacity curves by
capacity is less suitable for the evaluation of spatial i Ns/(Ns + G). Unless stated otherwise, we show results for
techniques. The implicit time diversity provides already aNs = 64 subcarriers. Throughout this paper, we often consider
infinite diversity level. Consequently, we do not see capacifrequency-flat channels first in order to isolate the spatial
advantages from additional spatial diversity. A more usefeffects before giving results for frequency-selectiversieds.
view in terms of diversity is outage capacity. This implies 1) Capacity Impact of the Choice of the Cyclic Delayse
a slowly time varying channel where each codeword facéigst investigate the impact of the cyclic delay on the cayaci
only one channel state. More precisely, we use a quasistaigure 2 shows the 1% outage capacity fgr= 2 transmit
channel model, i.e. the channel is assumed to be constantennas in a frequency-flat channel with Gaussian transmit
during transmission of a block and changes independenglymbols. Fomg = 1 receive antenna, all cyclic delays yield
from one block to the next. Th&% outage capacitfx is the same capacity except fdn, = Ns/2 = 32 which shows
the capacity which is guaranteed (ih00—x)% of the channel a slight degradation. Farr = 2 receive antennas, this effect
realizations, i.e. we expect an outagexdt. vanishes. For comparison, we also included the capacityeof t
The capacity (12) implies Gaussian transmit symbols. Howhannel itself both for one and two transmit antennas. le cas
ever, in real world systems, the transmit symbols will bef ng = 1, cyclic delay diversity almost achieves the = 2
taken from anM-QAM or M-PSK constellatiorf&. Taking channel capacity and shows a significant diversity advantag
this restriction on the transmit symbol alphabet into cdnsiover a single transmit antenna system. fgr= 2, there is still
eration, the capacity or mutual information, respectiveBn a clear diversity gain over a single transmit antenna system
be computed using the general formula for the conditiondlowever, since transmit diversity schemes cannot reach the
mutual information [15] between th#l-ary frequency do- channel capacity in case of multiple receive antennas [16],
main transmit symbols(d) = [xo(d),x1(d),...] and received [17], there is a significant degradation compared torthe- 2
symbolsy(d) for a particular realizatioHy of the effective channel capacity which results from the different asyniptot
frequency domain channel: slopes of the capacity curves.
= Figure 3 shows the 1% outage capacity for BPSK and QPSK
Sy _ - modulation, respectively. The cyclic delay appears to have
06 y[HK) Ns+G dz; [H x(d)) H(x(d)|y(d),Hk(d))] " a significant impact on the capacity, particularly fug = 1
(13) receive antenna. E.fp = Ns/2= 32 is optimum only for code
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20— =2, channel capacity detected error free. Similarly, in case 8t 4, a systematic
181 . =2 cDD,allA code of rateR > 3/4 is not suitable. We observed similar but
T ! 2 . .
o T[] == n.=1, channel capacity not that clear behaviour for more transmit antennas [18].
3141 g~ n =2, channel capacity Note that even though we gave examples for BPSK and
£ 12| —- n;=2,CDD, all A, # 32 QPSK modulation, the aforementioned effects are independe
glo’ - Tj’ ;E; 2;@2‘;2%“), of the particular modulation method. In contrast to [5], we
8 T found no dependence of the optimum cyclic delays on the
'iHG modulation alphabet but rather on the code rate. Due to a
4 higher diversity level, the aforementioned effects areuced
2 if multiple receive antennas are applied. The same is true fo
0

20 25 30 35 10 [frequency-selective channels, where we found that allicycl
BN, ndB delays which meef\, > An_1 + D show similar performance.
For frequency-selective channels, we also investigatédrdi
ent FFT sizesNs = 64,128 512 1024) and found no depen-
dence of the capacity results on the number of subcarriers
given that the cyclic delays are chosen as the same fraction o

0 5 10 15

Fig. 2. 1% outage capacity. Frequency-flat channel, Gaussansmit
symbols,Ns = 64.

4, refatively —= SEoK Ns.

Lprime to N > ““”Azzz,,lo.m,ls,f 2) Capacity Gain of Cyclic Delay Diversity Over Single

L ) 22,26,30 | Transmit Antenna SystemBinally, we investigate how much
A,=4,12,20,28 we can gain in terms of capacity using cyclic delay diversity

in frequency-selective channels. Frequency-selectiemmcbls

1 already provide a significant amount of frequency diversity
§psK Consequently, the gain obtained by additional spatialrditye
decreases with increasing level of frequency diversity.

‘ ; ; ; ;
1 ech —— Gaussian

) m

o

0 L L L L L L L E
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E_/N_ indB '©

s 0 o

Fig. 3. 1% outage capacity. Frequency-flat channel, BPSK®EK,nt =2,

Ns = 64.

. . . . Fig. 4. 1% outage capacity gain of cyclic delay diversity rogesingle
ratesR< 1/2, i.e. a mutual information of.6 or 1 bit/channel transmit antenna system. Frequency-selective channehs usiform power

use for BPSK or QPSK, respectively. delay profile,nr = 2, Ns = 64.
This can be explained as follows: If the original channel

was frequency flat and the cyclic delay is not relatively @im rigure 4 depicts the gain of cyclic delay diversity over
to the numbeNs of subcarriers, the frequency domain channg| singje transmit antenna system in a frequency-selective
coefficientsH™ (d) of the effective channel according to (Sichannel with uniform power delay profile depending on the
can take a limited numbes of distinct states as explained innymberD + 1 of channel taps. We show the asymptotic gain
Section IV. Figure 3 shows the capacity fiof = 2 transmit for Gaussian transmit symbols as well as the gain for QPSK at
antennas and different values of the cyclic delay whichltesi code raték=1/2, which turns out to be almost identical. As

in different values ofS. It turns out, that the optimality of expected, the gains are reduced if additional receive aaten
the cyclic delay depends on the code rate. For higher cogigersity is available. It can be concluded that cyclic gela

rates, a higher value &is required for optimum performance.diversity provides reasonable gains up to a frequency sityer
Interestingly, for very high code rateS=2 becomes optimum of about 30 independent taps.

again.

An mtumve_ - not theoretlcally exact - explanation is as VI. CycLic DELAY DIVERSITY IN OEDMA
follows: Consider a systematic code of rdeand a cyclic ] ) )
delay which leads t®= 2, e.g.A, = Ng/2. Since there are A. Assignment of Users to Subcarriers and Interleaving
only 2 different channel states, it can happen that evergroth The properties of the resulting equivalent channel which
subcarrier is in a very bad state and the symbols transntttedwere mentioned in Section IV have consequences for the
those subcarriers are essentially punctured. Now, if thde canterleaver design and for the allocation of multiple users
rate is higher than 1/2, i.eR > 1/2, e.g. all parity bits plus subcarriers in an orthogonal frequency division multigleess
some systematic bits are punctured and the code cannot(®@&DMA) system. Our goal is to guarantee that each user can
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pick up the full spatial diversity. In order to achieve thige Furthermore, the choice of the cyclic delay should also be
make use of the finding of Section IV that with cyclic delaysaken into consideration in the design of the bit interleale
which are not relatively prime td\s, the spatial diversity is A convolutional code picks up the maximum diversity if suc-
distributed over a defined block &adjacent subcarriers. Forcessive code bits are transmitted via uncorrelated subcsrr
simplicity, we assume code ratés< 0.5 in the following, Therefore, we propose to split the stream of code bits #to
i.e. the cyclic delays are chosen according to (9. For highgreams. The bits in each stream are optionally interleaned
code rates, the respective cyclic delays have to be adaptednapped on constellation elements of a modulation scheme.
explained in Section V-B.1. The complete transmitter is depicted in Figure 6. The bits
of each user are encoded by a forward error control code. A
FEC serial to parallel converter splits the stream of code bhite i
user 1 o code . Sstreams. The first bit goes to stream 1, the second to stream
2 etc.. Within each stream, an optional bit interleafEp
permutes the code bits before mapping them to constellation

n » - |, elements of a digital modulation method such as QAM or PSK.
el e The modulation symbols can optionally be interleaved. Then
the Sstreams are mapped on groupsSafeighbouring subcar-
riers, where strearmalways goes on theth subcarrier within
userU o FEC L] o Lo avpak b N a group. The spacing between groups of a particular user is
encoder] N1 fixed, i.e. we apply a groupwise frequency block interleaver
M;. In this way, the frequency diversity of the original chahne
Fig. 5. OFDMA with block frequency interleavé ;. is obtained by distributing groups over the entire bandiwidt
whereas spatial diversity is exploited by the streams withi
. one group which are transmitted on neighbouring subcatrier
Ssert FEC / (: )S Optionally, the assignmenfl; can be changed from one

encodet : £ OFDM symbol to the next. l.e., subcarriers.QS—1 can
© ‘-'_'55 be assigned to user 1 in the first OFDM symbol but to user

|, 2 in the second OFDM symbol. The receiver performs the
My e reverse interleaving operations of the transmitter.
o—fo [ oawpsK-- 1 Lk
userU — FE% / : B. Simulation Results
encoder it . . . . .
O T QAMIPSK ™ i I'\_,"S For the simulation results presented in this section, we

restrict ourselves to BPSK modulation since we found that
Fig. 6. OFDMA with multi-stream interleavingl® and group frequency in principle the results are independent of the particular
interleaverfs. modulation format. We apply a convolutional code with rate
R =1/2, constraint length 3, and free distande=5 for

In a conventional OFDMA system, the subcarriers whicthannel coding. The FFT size s = 64 subcarriers. We
are allocated to a particular user are either a set of adjaceasume a spatially uncorrelated channel wifh= 2 transmit
subcarriers or a block frequency interleaver distributes tand ng = 1 receive antennas and quasistatic fading, i.e. the
symbols of a user on subcarriers with a fixed spacing in ordgrannel coefficients are constant during transmission of a
to exploit frequency diversity. If cyclic delays accordibg coded frame and change independently from one frame to
(9) are applied, such a block interleaving may result in the next. In principle, the results hold true also for more
complete failure to exploit spatial diversity. The problésn antennas. First, we present results for flat fading charinels
iluminated in Figure 5 for the example &f = 4 users. The order to isolate the spatial effects. Later, we consideo als
subcarrierd = 0,4, 8, ... are allocated to user 1. However, agrequency-selective channels with+ 1 sample-spaced taps
explained above, user 1 can pick up spatial diversity only ¢f equal mean power where additional frequency diversity is
neighbouring subcarriers are allocated to him. Therefaee, available. In case of frequency-selective channels, wenass
propose to allocate groups & neighbouring subcarriers toa sufficiently long guard interval.
each user as indicated in Figure 6. An additional groupwisel) Impact of the Cyclic Delayin Sections IV and VI-A we
frequency interleavindls enables exploitation of frequencyproposed to choose the cyclic delay according to (9) sudh tha
diversity which is available due to the frequency selettivi adjacent subcarriers are uncorrelated and multiple users c
of the channel. Since with cyclic delays according to (9% thexploit the spatial diversity. Simulation results on thanfie
spatial diversity is transformed in®adjacent subcarriers, weerror rate (FER) in a flat fading channel are depicted in Fgur
can assign up toNs/S| users in an OFDM symbol and provide? for different values\, of the cyclic delay.
full spatial diversity for each user, whefg indicates the floor ~ The results demonstrate the superiority of the chdige-
function. However, in frequency-selective channels, allema Ns/2 = 32 according to (9), where the interleaving strategy
number of users should be assigned to each OFDM symboMiith S= 2 streams as proposed in Section VI has been applied.
order to allow also the exploitation of frequency diversity From the slope of the FER curve it can be observed that the
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full spatial diversity order ofirng = 2 is exploited. Whereas 10 i TPy w ‘ ;
other delays)\; show almost identical performance, there is 107 : L e D=0
e Lo . ]
1 dB gain withA, = 32. : el
-3 ) e~ ~e. .
10 = NN, e
< - 5SS :
& ¢l TEm-a
8 10™[ = block M, * e g |
.- 1branch N®, group M, \’\”‘
107 .- 2branch n®, group M, ‘\\"70
—e— Dlock
10°| _g- 1branch n®, group M, 4
2 TX, AZ = 1,2,8‘” - —¢— 2 branch n®, group M, | | |
0 5 0 15 20
E,/N,in dB
. Fig. 8. 2Tx, 1Rx antennd\s = 64, A, = 32, BPSK, quasistatic flaD(= 0)

10

; ; and frequency selectiveD(= 4) fading.
£, /NO%n dB 15 20 auency (=4) fading

Fig. 7. 2 Tx, 1 Rx antennd)s = 64, BPSK, quasistatic flat fading.
6). This still holds true in a frequency selective channel.
In the bit error rate (BER) performance, we observedowever, due to available frequency diversity, the effect i

hardly any performance difference for different delays at fl '¢duced.

fading channels. The cyclic deldy, = Ns/2 according to (9)

performed even a little bit worse than smaller cyclic delays VII. CycCLIC DELAY DIVERSITY WITH DIFFERENTIAL
This can be explained by the fact that oy = Ns/2 we have MODULATION

only 2 independently fading channel states, one for the eVeNyp to now, we have assumed coherent detection with
subcarriers, the other for the odd subcarriers. If one Omheperfect channel estimation. However, the increased fregyue
channels happens to be in a very bad state, every other ¢odgblectivity due to the cyclic delays makes channel estonati
of the rate 1/2 convolutional code is essentially punctngd 5 mgre difficult task than in a single transmit antenna sys-
the channel. Therefore, the BER in those frames will be vy, channel estimation for cyclic delay diversity has been
high and will dominate the average BER over all S'mmatelﬂvestigated in [11], where it has been shown that with
frames. On the other hand, a frame with a highy number @f,nsmit antennas, the number of required pilot symbols is
bit errors has the same impact on the FER as a fr_ame Withreased at least by a factor of compared to a single
only one bit error. Consequently, the proposed choice (9) Phnsmit antenna system, which results in lower bandwidth
the cyclic delay is optimized for FER performance. efficiency. Therefore, differential modulation which daest
The aforementioned results hold true also in frequencysquire channel estimation might be attractive. Throughou
selective channels. However, the effect of choosing differ ;g paper, we consider a simple differential detector Whic
cyclic delays is reduced since also frequency diversity j§kes into account two successively received symbols and
available. _ _ o requires the channel to be about constant during transmissi
2) Interleaving and User Assignmerftigure 8 illuminates f those two symbols. The performance might be improved by
the effect of the multiple access and interleaving schemgore complex multiple symble detectors [19]. We start with
according to Figure 6 for a cyclic delay 86 = Ns/2=321in  some general remarks on differential modulation in OFDM
both flat and frequency-selective channels. Due to the ehojg section VII-A before we propose a solution for problems

of the cyclic delay, all even subcarriers as well as all odghich appear with cyclic delay diversity in Section VII-B.
subcarriers are correlated whereas adjacent subcarniers a

uncorrelated. We assume an even numbeof users. The . . o
BER depicted in Figure 8 is the same for each user. A. Differential Modulation in OFDM
First we consider a block frequency interleavids as In OFDM, differential modulation can be done separately
indicated in Figure 5. Since the block frequency interleaven each subcarrier given that the channel coherence time
maps all symbols of a user to either only even subcarrigss longer than two OFDM symbol durations. However, a
or only odd subcarriers, no spatial diversity can be exptbit reference symbol has to be sent in advance on each subcarrier
by the FEC decoders. l.e. OFDMA with a block frequencwhich results in a full OFDM symbol overhead, ilds PSK
interleaverl; fails to exploit the spatial diversity. symbols. This is undesired particularly in a 4G mobile radio
In order to pick up spatial diversity, each user has to codgstem where we expect a large number of subcarriers but a
through even and odd subcarriers. This is achieved byrelatively small number of OFDM symbols per frame.
groupwise frequency interleavings as indicated in Figure An alternative is to do the differential encoding in freqagn
6. direction which requires only a single reference PSK symbol
Furthermore, it can be observed that the full spatial dityers In this case, the coherence bandwidth is required to berlarge
is only obtained when the code bits are split iBte 2 streams than two subcarrier spacings. This requirement might becom
before bit-interleaving (2 branch interleaviily®, see Figure critical with cyclic delay diversity since the diversityfeét
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comes from increased frequency-selectivity and henceceztiu
coherence bandwidth. Particularly, in case of cyclic delay
according to (9), adjacent subcarriers are uncorrelatef] an —
therefore, straight forward differential modulation iefuency | ¢ncoder
direction will fail. In the sequel, we will analyze the efteaf
different cyclic delays and particularly propose a solutfor
cyclic delays according to (9).

difft. |1
modulator

diff. | S |3
modulator

Fig. 10. Transmitter for cyclic delay diversity with mulitream differential
modulation.

B. Differential Modulation and Cyclic Delay Diversity

We consider two options for the application of differen-
tial modulation in combination with cyclic delay diversity —The receiver is equipped withr antennas. After removing
A straight forward solution is to choose the cyclic delaythe guard interval, the FFT is taken at each receive antenna.
according to (8), i.e. larger than the guard interval, ineord The block deinterleavefl ! assigns theng received signals
to meet the full spatial diversity criterion (7) and to perfo of each stream to the differential detectors, which alsokwor
standard differential modulation in frequency directidn. as receive diversity combiners. After deinterleaving adow
order to allow simple non-coherent detection, the cohereno I‘I(ZS)_1 and/orl‘lfl, an FEC decoder picks up the frequency
bandwidth of the effective channel (5) should be larger thativersity and delivers soft or hard decisions on the infdioma

two subcarrier spacings. This might become critical sindsts.

cyclic delay diversity increases the frequency-seleistiof the In order to exploit the full available diversity and coding
channel. gain, the differential detectors should deliver soft ottpdhe
problem is that even in flat fading channels, the streams face
2 ; ; 4 ; ; different channel states and, therefore, the weightinghef t
Lo on o g::ffgg::]téal decisions in different channel states is essential. Alytuilis
1.5; ': ‘. :'-‘ s\stream 1 1 would require channel state information. A soft-outputdédr
s AV TR TS for DPSK with receive diversity, which does neither require
Ef I b»LiS\j Y . W | knowledge of the channel coefficients nor of the noise vagan
Tosl aferenial L3 3 S / \ is derived in [20]. o .
encoding ‘,;/ 1) Simulation Resultsin this section, we present simula-
stream 2 ‘ ‘ ‘ s tion results for a quasistatic spatially uncorrelated ciehmwith
0 5 10 15 20 25 Ns-1 nr = 2 transmit andnr = 1 receive antenna, i.e. the channel

is constant in time over one FEC coded block and changes
Fig. 9. Differential encoding with two streams for cycliclale diversity independently from one block to the next.
with ny = 2 transmit antennas and cyclic delay = % Frequency-selective First, in Figure 11 we demonstrate the effect of multi-strea
channel. differential modulation and the impact of the interleaving
scheme for a flat fading channel, DQPSK modulatidg- 64

Therefore, we propose another option: We propose to s@itbcarriers and a block size of 122 uncoded bits. We use a
the data intoS streams, wheré& is the number of different rate 1/2 convolutional code with constraint length 5 for FEC
states of the effective frequency domain channel which doutoding.
result from (5) in a frequency-flat original channel. Separa In Figure 11, we also included the BER for a single transmit
differential modulation is performed in each of tBestreams. antenna system with differential modulation. Using cyclic
Each stream is then transmitted over subcarriers with higelay diversity withA; = 1 yields the expected diversity level
correlation. of 2. With A, = 32 andS= 1 stream, detection fails completely

An example fornr = 2 transmit antennas is given insince the effective channel taps of adjacent subcarries ar
Figure 9. According to (10), we hav8 = 2. One stream uncorrelated. However, we can pick up diversity by spltin
is transmitted over the even numbered subcarriers, the othee data stream int8= 2 streams.
stream is transmitted over the odd numbered subcarriees. ThThe impact of the interleaving strategy can be observed from
(cheap) price we pay is one additional reference symbollwhi€igure 10. For the same reasons as explained in Section VI-
is required for the second stream. The transmitter of oBr2, Figure 8, per stream interleavimf) instead of a single
proposed scheme is depicted in Figure 10. For non-coheresridom interleaveFl, is essential in order to pick up the full
detection, the effective channel needs to be constant wxer tdiversity with convolutional codes of limited contrainnigth..
subcarriers within each stream. l.e. the original chanasltb For the evaluation in frequency-selective channels, we
be constant over three subcarriers. consider a uniform power delay profile with +1 sample

The assignment of transmit symbols to subcarriers can §igaced taps per subchanidl= 2048 subcarriers and DQPSK
realized by a block interleaver with interleaving def@hi.e. modulation. FEC coding is done over one OFDM symbol
an Sx Ns/S matrix in which we write rowwise and from using a rate 1/2 convolutional code with constraint length 3
which we read columnwise. OFDM modulation and cyclic Figure 12 shows the BER for different lengths of the
delay diversity are then performed as described in Section Ichannel impuls response. We compare cyclic delayAyof
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D+ 1 with single stream differential modulation to our 2- 10°
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stream proposal with a cyclic delay 85 = Ns/2 = 1024. It

non-coherent

can be observed that both options show similar performan .

Therefore, the question arises, when our 2-stream projgse 4,200, 1 stream

advantageous. To answer this question, we plot the cohere = .

) coherent <
—
10° ,
- Azzll, 1 stream
10 - Zii i A,=1024, 2 streams ™+, ‘ :
- T2

. —.— A2i32, 1 stream © 0 5 10 E/N, in & 20 25

x 10_27 \ ‘ A2—32, 2-stream, I'I2 B

@ \-\ — B,782, 2-stream, T, Fig. 14. Frequency-selective channel with uniform powdaylgrofile, D =
10 taps,nt = 2, ng = 1, DQPSK,Ns = 2048,

10737 = \\-\-\\ \ ps.nt R Q 'S
10'4 L L L L o .
10 15 20 25 30 as a rule of thumb definition for the coherence bandwidth,
E /N_indB .
b0 where oy is the rms delay spread of the channel.

Fig. 11. Flat fading channehr — 2, i — 1, DQPSK.Ng — 64, It can be ob_served that the coherence banQW|dth is de-
creased by cyclic delay diversity compared to a single tréins
antenna system. Using a cyclic delay =D + 1 with single
stream differential modulation and our propogel = Ns/2

10° with 2-stream differential modulation yield virtually tteame
result, where in the latter case we measure the relevant
————— A,=D+1, 1 stream coherence bandwith within each stream. This explains that
107 W | both options show comparable performance in Figure 12.
. D=1 However, setting the cyclic delay td, = D +1 requires
s N D=2 _ _
@ D=5 knowledge of the instantaneous length of the channel inepuls
ol Y- | response at the transmitter. In general, this knowledge wil
Dzlo/' RN not be available. The guard intenv@lwill be designed longer
AN than the maximum expected length of the channel impulse
‘ ‘ TR N respons. Typical values are 10-20% of the OFDM symbol
0 5 10 g /NM5ings 20 25 30 . . .
b0 duration. The transmitter can then choose the cyclic delay
rdin = 1> D+ 1. If the instantan hannel
Fig. 12. Frequency-selective channels with uniform powelayl profile, accord g tah; G+1=>D+ the Instantaneous channe

D+1 taps,nt =2, nr=1, DQPSK,Ns = 2048.

pacings

B _in subcarrier s|
S

c
N

Fig. 13.

delay diversity in subcarrier spacings. Frequency-sgiecthannels with

A.=N /2, 2 stream
2 s

A2:200

20 40 60 80 100

Coherence bandwidth of the effective SIMO channigh wyclic

uniform power delay profileD + 1 taps, Ns = 2048 subcarrierspy = 2
transmit antennas.

impulse response is shorter than the guard intervalDie.G,

the coherence bandwidth of the effective channel will be
mainly determined by the cyclic deldy. Examples for guard
intervals of 5-20% of the OFDM symbol duration are included
in Figure 13 Q, = 100,200,400).

It can be concluded that our proposal of 2-stream diffeagnti
modulation yields the same performance as single stream
differential modulation if the instantaneous channel itspu
response is as long as the guard interval, but is superior if
the instantaneous channel impulse response is shorter than
the guard interval. These considerations are confirmed &y th
respective BER results in Figure 14, where for comparison we
included the performance of coherent QPSK which yields the
usual 3 dB advantage over differential modulation.

VIIl. CONCLUSIONS

We considered several aspects of cyclic delay diversity
as a simple and powerful transmit antenna diversity method
for OFDM which enables substantial diversity gains even in

bandwidth of the effective SIMO channel for different cycli "élatively strong frequency-selective channels. We dised

delays in Figure 13 as a performance measure for diffefentil® impact of the choice of the cyclic delays on the achievabl
modulation. We use

_ 1
"~ 150;

Bc

diversity level and for enabling multiple users to pick ug th
full spatial diversity in OFDMA. We derived the capacity of

(17) cyclic delay diversity and showed that the optimum cyclic
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delay depend on the code rate but not on the modulatipg] J. Winters, “The diversity gain of transmit diversity iireless fading
alphabet. We propose to choose the cyclic delays at differ- systems with Rayleigh fadingJEEE Transactions on Vehicular Tech-

ent antennas realively prime which yields close to optimufyy,

performance.

Furthermore, we have presented a scheme for differen
modulation in frequency direction in OFDM with cyclic de

nology, vol. 47, pp. 119-123, February 1998.
G. Bauch and J. Malik, “Parameter optimization, ir¢exling and
multiple access in OFDM with cyclic delay diversity,” IREE Vehicular

t[lﬂ Technology Conference (VT.QYlay 2004.
]

T. Cover and J. Thomaglements of Information ThearyNew York:

- John Wiley & Sons, Inc., 2nd edition ed., 1991.

lay diversity which can cope with the increased frequencjt6] S. Sandhu and A. Paulraj, “Space-time block codes: adigpperspec-

selectivity. Our multi-stream proposal yields superiorfpe

tive,” IEEE Communications Lettervol. 4, pp. 384-386, December
2000.

mance compared to straight forward single-stream dift&En [17] G. Bauch, J. Hagenauer, and N. Seshadri, “Turbo prougss trans-
modulation in the likely case that the instantaneous chan- mit antenna diversity systems&nnals of Telecommunications, Special
nel impulse response is shorter than the guard interval and !Ssue: Turbo codes - a widespreading techniquel. 56, pp. 455-471,

August 2001.

comparable performance if the instantaneous channel 88pukg) G. Bauch, “Capacity optimization of cyclic delay disty,” in IEEE

response is as long as the guard interval.

Further studies which are not reported in this paper cot?!

Vehicular Technology Conference (VT&eptember 2004.
D. Divsalar and M. Simon, “Multiple-symbol differeali detection of
MPSK,” IEEE Transactions on Communicationsol. 38, pp. 300-308,

pared cyclic delay diversity to orthogonal space-time kloc  pmarch 1990.
codes as a well established transmit diversity scheme whigbl G. Bauch, “Multi-stream differential modulation foydic delay diver-

in contrast to cyclic delay diversity performs maximum oati
combining. In case of 2 transmit and 1 receive antenna, gftho
onal space-time block codes outperform cyclic delay diters

sity in OFDM,” in IEEE International Conference on Communications
(ICC), June 2004.

by about 1.5-1.7 dB both in frequency-flat and frequency-
selective channels. For more than 2 transmit antennasgccycl
delay diversity shows higher capacity since in contrast to
orthogonal space-time block codes it does not suffer from a

rate loss.
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