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ABSTRACT spectrum [3]. A practical system needs to estimate thege cha
acteristics and will suffer from mismatch as well as estiorat

Frequency-selective fading channels are easily made use g?rors. . N . o
by OFDM. Due to an increase of the symbol duration ever ur main concern in this paper is the data transmission over

channels with large delay spread can be utilized for data(-:h"’mne'S with large Doppler spread. Those channels are ac-

transmission. However, if the channel additionally extsibi companied by rapid time-variations within one OFDM-symbol

a large Doppler spread, a short symbol duration is desi.rablfnd will introduce ICI leading to an unacceptable error4floo

Otherwise the channel’s time-varying impulse response du iterature contains numerous approaches to cope with this
ing one OFDM-symbol will introduce intercarrier-interésrce problem. A popular idea is the assumption that the channel’s

(IC1). This will inevitably produce an error-floor. Ultimely, variation within an OFDM-symbol can be described by a lin-

one has to compromise between achievable data-rate and & model, e.g. [4,5]. This allows for setting up an approxi-

bustness against fading. We present a novel noncoherent jgate channel matrix which can be used for equalization. This

ceiver which relies on the use of directional antennas tidavo 'cdUIres computing matrix inverses, \_/vh|ch mlght be imprac-
cal for realization. The limit of this idea is given by theos

large Doppler spread before it can lead to ICI. The use OE | diti hich violate th i it
differential PSK then allows us to achieve remarkable perfo oppier conditions which violate the necessary iinearity o
.the model. Another approach relies on pilot symbols to esti-

mance without channel state information and without sacn;n te the time-variant channel imoulse 1 o &1, Unor
ficing bandwidth to training data. ate the time-variant channel impulse response [6]. Unfor-

tunately, the large amount of training decreases bandwidth
efficiency drastically.
An alternative philosophy to deal with large Doppler spread
1. INTRODUCTION is the use of multiple antennas. The authors of [7] advocate
the use of multiple receive antennas for Doppler compensa-
The use ofM-ary differential PSK (DPSK) combined with tjon. By MMSE-filtering/interpolation they generate a re-
OFDM a”OWS f0r rObUSt data‘detection W|th0ut Channel&tat Ceive Signa| Wh|Ch Seeming'y has been received over a SIOWIy
information (CSI) over frequency- and time-selective chantime-varying channel. The authors of [8] demonstrate that
nels. The use of a cyclic prefix, if chosen sufficiently long, gjrectional antennas can effectively reduce the fading ot
ensures both the orthogonality of the subcarriers and OFDNhe channel. These antennas slice the horizontal reception
symbols free of intersymbol interference. Depending orgpace into wedgeshaped sectors. This approach then allows
whether the channel exhibits more frequency-selectivity ofor separating incoming paths according to their position i
more time-selectivity one can choose to perform diffe@nti the Doppler spectrum. Thereby, each sector experiencgs onl
modulation either in time or in frequency direction. The €ho 3 fraction of the original Doppler spread. In [9] this effect
sen direction should point in the direction of large channels further investigated and it is shown that the ultimaterint
correlation such that differential demodulation can sas€e carrier interference is reduced. To our best knowledgealite
fully restore the transmitted data without CSI. ture so far lacks a thorough study of the effect of directiona
DPSK naturally suffers from an SNR-loss compared to itsyntenna reception on the achievable bit error rate. We are
coherent Counterpart PSK. Thisis USUa”y accepted duesto ﬂhware of one paper’ [10]' where the unrealistic case Ofmrfe

implementational ease [1, 2] since no explicit channet estichannel state information at the receiver and a flat channel
mation is required. However, a coherent system which emyas assumed.

ploys channel estimation requires knowledge about the-chan
nel statistics, i.e., the power delay profile and the Doppler



2. SYSTEM MODEL The phases(u) are the angle of incidence relative to the
direction of motion. They are equally distributed betwé&en
Fig. 1 depicts the OFDM-transmitter with DPSK which al- gnd2x. The maximal Doppler frequency is denotedf@ymax-
lows for noncoherent reception. Throughout the paper we astle will assume this model through out the paper. Eq. (4)
models omnidirectional reception of a moving antenna in a
b(€) (&) Adp(i)  dn(i x(g rich scattering environment.

—» CCH» I - M > DPSK—IFFTH» CP Let us now consider the sectorization approach. The corre-
spondence between angle of incidence and Doppler frequency
) _ _ is determined by (5). Hence, if a directional antenna covers
Fig. 1. OFDM-transmitter allowing for noncoherent oy 5 fractional range of all possible angles of incidence,
reception the resulting Doppler spread will be reduced [8]. We are
interested in splitting the Doppler spectrum in equallyediz
partitions since then all sectors will experience iderijca
reduced time-selectivity. However, due to the cosine fionct
in (5) the sector angles ar®t equally sized. This effect is
illustrated in Fig. 2 for a number & = 6 sectors.

sume the equivalent complex baseband. Informatiorblgts
are convolutionally encoded (CC) and bitwise randomlyrinte
leaved {I). The interleaved code bitg¢’) are then mapped
to an M-PSK signal constellation by the mapping function
M, yielding the symbolg\d,, (i) with subcarrier index. and
OFDM symbol index. The differential modulation (DPSK)

can be performed either in time-direction 360 sec
dn (i) = Adp (i) - dp(i—1 1 SO0 IS T see
(i) (4) (@ ) 1) ol \\ ] zec.zl
or in frequency-direction 240 TN
dn(i) = Adn(i) : dn—l(i) () g Sec.lV
depending on the channel properties. Due to our proposed ol ]
technique of reducing the effective Doppler spread we will ol | / o | seem
preferably apply differential modulation in time-diremti(1). 6ob / o] seet
The OFDM time-domain signal is then computed by the IFFT. Sec.l
Prepending the cyclic prefix (CP) then produces the transmit 0
Signal 1 0.5 0 -0.5 -1

— cos(¢) = fo/ fo,max

oo N-1
E. . i2mv(k—1
w(k) = V Fs Z Z dy (i) - € (NN (3) Fig. 2. Correspondence between angle of incidencgén
i=—o0 v=0 degree) and the partitioning of the Doppler spectrum into

with the number of subcarrier§, the number of guard taps S = 6 sectors

N,, and the signal energys.
7 g 0¥ Fig. 3 illustrates the effect of the sectorization on thesreed

Doppler spectrum. The relative direction of motion between
transmitter and receiver is as indicated by the arrow. Teat
Let us first review the model for a wide-sense stationary eharleads to the shown correspondence of sectors and Doppler
nel with uncorrelated scattering (WSSUS-channel), whieh w subspectra. The effective Doppler spread of each subspec-
will assume in the following. Its discrete-time impulse re-trum is smaller than the Doppler spread of a single omnidirec
sponse at timé and delay reads [11] tional antenna, i.e., the maximum Doppler spread is reduced
No_1 by afactor ofl /(S/2 + 1). _

Z a()d 2R UTE) 50 _p(1)), (4) In Table 1 we have collected the sector angles which lead

2.1. Sectorized Receive Antenna

he(k) = \/le

€ u=0

G1 | P2 | @3 | Pa | 95 | 6 | P71 | 98
90 | 270
71 | 110 | 251 | 290
60 | 90 | 120 | 240 | 270 | 300
53 | 79 | 102 | 127 | 233 | 259 | 282 | 307

wherea(n:) and{(u) are theN, path amplitudes, and delays,
respectively. The sampling period is denoted By The
phased() are uniformly distributed betwednand2z. The
distribution of the Doppler frequencigg (1) determines the
channel correlation in time. The common spectrum due to
Jakes emerges if

[ =N I ¥,

Table 1. Sector angles in degree for equal Doppler
fo(p) = fo.maxcos(é(p)) . (5) partitioning (values in degree)



d"?CtiO” Qf motiorl1 \ with the additive white noise termn, (k) and the length of the

2 i impulse response.
120099 60° Due to the sectorization each sector is affected not only by
sl i ] a Doppler spread but also by a Doppler shift. This Doppler
T shift requires frequency compensation ("Derot.”)
3 )
5 Js(k) = @ PTIETE Ly (k). ()
= 1}
:é In [8] we find the approximation
Noosto N TR R 2] TR fomaxcos(s/2) , s=1
! i ! fe(s) = ¢ — fo.maxsin(¢s/2), s=S5/24+1 (8)
0 Vo P&V &V fomaxcos((¢s + ¢s-1)/2), else.
-15 -1 0.5 0 0.5 1 15
In passing we note that (8) does not correspond to the center
fo/ fomax — passing w (8) S sp

frequency of the Doppler subspectra (cf. Fig. 3). In Sector
Fig. 3. Antenna withS = 6 sectors and its effect on Jakes’ | for example, Doppler frequenqies toyvards the m.e.‘Ximum
spectrum Doppler frequency are occuring with a higher probabiliggrth
those towards lower frequencies. Hence, (8) considerssa bia
towards the magnitude of larger Doppler frequencies.
to equally sized Doppler subspectra for different numbérs oAfter removing the cyclic prefix (CP') from the frequency
sectors. compensated receive signal the fast Fourier transformYFFT
Let us define the impu'se response for Se@to‘lr S s S S’ is performed y|e|d|ng the receive Signal in fl’equency domai
ashy (k). For simulations we assume ideal sectorization@t then-th subcarrier in thé-th OFDM symbol for antenna
i.e., we determinéy (k) by generating the omnidirectional N1
impulse response (4) and picking out those incoming paths ros () 1

- = s (N - N. e—j27r;tn/N ] 9
which belong to the encompassed angle of incidence. ! VN ; s+ (N + Ng)) ©

This is followed by differential demodulation (DPSK) ei-
ther in frequency direction (10) or in time direction (11)

Our noncoherent receiver is depicted in Fig. 4. Each sec-

2.2. Receiver

. TTL,s(i)T:L—l,s(i) ) (10)
Zn,s(1) = RO
7 Tn,s ()7, (0 = 1) (11)
wi (k)
1 B *Agn(i) In order to produce a diversity gain the signals of all braasch
' Deroti—CP = FFT—PPSK'— are then superimposed
y1(k) ok , —Dem
w (k) yl( ) Tnyl(l) ! s
’ - Ada(i) = 3 204 (i) (12)
| Derot—CP!—FFT—DPSK' | s=1
k [
(k) g2(k)e Tn,2(7) cc| To demodulate the resulting signal we compute an approxi-
ws (k) . —| mate softvalue
Ié%Derot cr!HFFTpPsk | "9 L)~ min JAdL() - A6
ys(k) _— VA, (1) —c(£)=0
ﬂs(k) rn,S(i) _

min Ad, (i) — Ad, (D), (13
VAdn(i)—’C(S)=1| (@) @)[*, (13)

Fig. 4. Noncoherent OFDM-receiver for sectorized reception , . .
with differential demodulation I.e., we search those symbalsd,, (i) which are closest in
Euclidean distance to the receive signal (12) and which are
carrying either the codebit(¢) = 0 or ¢(§) = 1, respec-
tively. This procedure implicitly generates reliabilitgfor-
L1 mation which supports the subsequent Viterbi decoding. The
i 1

(k) = he o(R)z(k — 0) + wy(k 6 softvalues L¢(¢’)) are eventually deinterleavedi(') and
ys(k) ; 0.s(k)a( ) (k) ©) decoded (CC') by the Viterbi algorithm.

tor/antenna corresponds to a distinct branch



3. SSIMULATION RESULTS Compairing the lowly and highly frequency selective casesi
detail, we see that the highly frequency selective case has

To demonstrate the effectiveness of our approach we comr superior performance over the lowly selective case at low
ducted several simulations of an OFDM-system whth= 64 Doppler frequency. This can be ascribed to the larger amount
subcarriers and/y = 16 taps for the cyclic prefix. Allsimula-  of diversity collected by the larger number of paths of the im
tion results belong to a channel impulse response with §qualpulse response. However, rapid channel variations foefarg
distributed power delay profile. The investigated modulapoppler influence has a much severe influence on differential
tion schemes are gray-coded differential QPSK (QDPSK) anghodulation in time direction. This is due to the substantial
differential 8-PSK @DPSK) with the standard convolutional phase change between two OFDM symbols in that case.
code(133,171)s of constraint length.. = 7. The codebits
were randomly interleaved at bit-level. Decoding was per-
formed frame-based for a length i information bits. The 10°
parametery denotes the maximum Doppler frequency nor-
malized to the subcarrier spacing. We assume that the r
ceiver has perfect knowledge about the maximum Dopple 10
frequency.

3.1. Single Antenna Performance T
14 Ng 2 Dl
In Fig. 5 we show the limits of single antenna reception. The g SV S SRR S D

examples refer to a lowly frequency selective channel witr L =3, freq. |:
differential modulation in frequency direction/{"’= 3, freq.”) \ o ] — — - L=10,time |:
and to a highly frequency selective channel with differainti Al Sy 1 o° Ep/No=8d8 |

L= T . 10
modulation in time direction € = 10, time”). : s ° 10d8
(R T v 12dB
. G o 14dB
10° 0 005 01 0.15 02 025 0.3 0.35 04 045 05
v —
1014
Fig. 6. Single antenna performance for lowly and highly
- frequency selective channels, 8DPSK-transmission
10 )
T N To complete the discussion of single antenna reception we
% 10 j have applied the more sensitive 8DPSK modulation. Results
m are depicted in Fig. 6. As is to be expected the BER impair-
10741 L=31req. |1 mentoccurs earlier, i.e., at lower Doppler frequenciesties
— — — L =10,time |: . .
o Ep/No—sdg| tothe QDPSK case in Fig. 5.
107 o 12
A\ o 14dB 3.2. Multiple Antenna Perfor mance
-6 &

O 5 005 0L 015 02 025 03 045 04 o4s os Inthe previous section we have demonstrated the severe im-
v — pact of rapid channel variations on the bit error rate perfor
mance. We address now the issue of multiple receive an-
Fig. 5. Single antenna performance for lowly and highlytennas. We investigate the performance of the sectorizatio
frequency selective channels, QDPSK-transmission against single antenna reception. For a fair comparison we
compare the sectorized receiver with a diversity recetoer,
The overall trend of all curves is an improvement of the BERThe latter employs the same number of antennas as the sec-
from very low Doppler frequencies to moderate frequenciesorized receiver, however, these antennas are omnidireti
which is followed by a severe deterioration as soon as thand will experience a larger amount of ICI. Our main finding
Doppler frequency becomes large. The BER improvemenh this respect is that on the one hand we are able to overcome
with increasing Doppler frequency is attributed to the heig ICI with sectorization if the Doppler is large. On the other
tend diversity in time, whereas intercarrier interfereisceot  hand, at low Doppler frequencies the channel which is any-
a limiting factor, yet. The influence of the latter eventyall how slowly time-varying will appear quasi-static after &ge
leads to the drastic BER impairment for larger Doppler fre-iziation. Hence, the performance suffers from less ditgrsi
guencies. in time.



3.2.1. Sectorized vs. Single Antenna Reception

In Fig. 7 we consider a lowly frequency selective channel
(L = 3) with a large Doppler influence of = 0.2. Differ-

ential modulation is performed in frequency direction. Om-
nidirectional reception§ = 1) leads to a substantial error-
floor, which can be already avoided by employing two sector:
(S = 2). However, increasing the number of sectors further 1
(S > 2) leads to gains only in the high SNR regime. In the X
low SNR regime the BER performance is degraded by alarge o |
number of sectors. This can be attributed to the differéntia
demodulation. The differentially demodulated signal (E2)
composed of mixed terms which are no longer Gaussian. Fc
a larger number of sectors these mixed noise terms add u
Especially in the low SNR regime they are dominating the
differential demodulation outcome and they are respoesibl
for impairing the BER performance. The same statement
hold true forSDPSK transmission.

Eb/No indB —

Fig. 8. Parametersy = 0.2, L = 10, differential modulation
in time direction

3.2.2. Diversity vs. Sectorization

In this section we examine the performance of sectorized re-
ception compared to diversity reception. The latter employ
the same number afmnidirectional antennas. These are
spaced at a distance large enough to receive uncorrelgted si
nals. Unlike the sectorized case the corresponding receive
signals will experience the full Doppler spectrum, i.eg I8l
influence is stronger compared to the sectorized receiver.

BER —

Ey/NoindB —

Fig. 7. Parametersy = 0.2, L = 3, differential modulation
in frequency direction

BER —

The efficiency of sectorization is all the more apparent if we
consider the highly frequency selective case in Fig.8 witl
differential modulation in time direction. It is obviousdtthe
rapid channel variations for single antenna receptionqarev
any successful data detection. However, already the use

two sectors reduces the effective Doppler in each sector b
a factor of2 of the original maximum Doppler frequency.
Unlike the prior case of low frequency selectivity (cf. Fi0.

PN

10

0 n
6 8
Ey/NyindB —

12

8 10 12 14
Ey/Np indB —

16

increasing the number of sectors $o = 4 yields another

substantial gain. Again a refined sectorization=¢ 8) leads  Fig. 9. Comparison of diversity against sectorized reception;
to a BER impairment in the low SNR regime. Indeed gainsParameter: QPSK; = 0.2, S = 8

are achieved not before the high SNR regime sets in. These

gains turn out to be much larger f8DPSK than for QDPSK.



In Fig. 9 we consider the case 6f = 8 receive anten- modulationis carried outin frequency direction. The erpla
nas and a maximum normalized Doppler frequencyycE  tion of this effect lies in the fact that the effective chalseen
0.2. The labeld r eq andt i me denote whether differential by the sectorized antennas becomes very slowly time-vauryin
modulation is performed in frequency or time directidiy In this case the diversity receiver benefits from diversity i
andsec mark the performance of diversity and sectorizedtime and is not yet impaired by ICI.
reception, respectively. However, if the channel exhibits stronger frequency se-
Let us consider Fig. 9a which shows the lowly frequency selectivity (cf. Fig.10b) we find differential modulation aig
lective case with channel length = 3. The diversity re- frequency direction impaired again. Considering the diirgr
ceiver fails miserably if differential modulation is perfoed receiver with differential modulation in time directionegee
in time direction. In that case large channel variations bethat its performance for the less time selective case (Bigisl
tween successive OFDM symbols prevent successful data dess degraded than for the rapidly changing channel (Fig. 9)
tection, which can not be overcome by multiple antennas-withThe results of this section indicate that sectorized régept
out Doppler compensation. Differential modulation in fre-
guency direction, however, improves the performance of di
versity reception. Nevertheless, the performance of secto 19
ized reception is superior. Although the channel is weakly
frequency selective, differential modulation in time dtien -1},
surpasses its counterpart in frequency direction. ?

Let us now turn to the strongly frequency selective= 10) LN
case in Fig. 9b. As one might expect the performance of bot 10
schemes with differential modulation in frequency diresti |
degrade to a large extent. A slight performance gain of sec 5 10
torization over diversity is still visible which we attriteito m

the ICI reduction of our sectorization. Finally, performin 104N ]
differential modulation in time directon in combinationttvi PR e gka/BNFSdB
the sectorized receiver yields a convincing performance fo sl | v 10dB
these severe channel conditions. 10 ke il 181eg3 E
e i = = dw :
10° e : : : : : : :
0 005 01 0.15 0.2 025 03 0.35 0.4 045 05
0 v —
10
Fig. 11. Parameter:L = 3, § = 8, QDPSK, differential
107" modulation in frequency direction
L is beneficial and superior over diversity reception onlyhi t
1 10 channel is rapidly changing. This is supported by the follow
o ing observation. The slowly fading channel provides only a
L = small amount of diversity from which the BER performance
10 can not benefit. If the channel variations become faster, the
BER will improve since time diversity is provided. The sit-
10~ uation changes again if the channel becomes rapidly chang-
ing. As a matter of fact ICI will be introduced, degrading
the BER severely. Sectorized reception on the one hand im-
10 . . A 10° . . proves robustness against large Doppler. On the other hand i
6 8 10 12 6 8 10 12 will reduce channel variations for channels which are amyho
Ep/No in dB — Ep/No in dB — slowly changing. In this case a diversity receiver is superi

because it exploits time diversity and is not impaired by, ICI
Fig. 10. Comparison of diversity against sectorized receptionsg see this more clearly we change perspective and plot the
Parameter: QPSK; = 0.1, 5 =8 BER over the normalized Doppler frequency. Fig. 11 makes

it clear that diversity reception provides better perfonce
It begs the question how sectorization and diversity recapt over the sectorized approach for small to moderate Doppler
compare if the time selectivity of the channel is less prospreads. We can also see that by the way of sectorization it is
nounced. Fig. 10a illustrates that the performance of dityer  possible to keep a constant BER for a large range of maximum
receptionimproves over the sectorized approach if difféaé  Doppler spreads.
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Parameter:L = 10, S = 8, QDPSK, differential

modulation in time direction

In Fig. 12 we have applied differential modulation in time di
rection for channels with large delay spread. The perfomaan
of the diversity receiver is superior only for small Doppler
spreads, whereas the sectorized receiver proves to biemesil

against

much larger maximum Doppler frequencies.

4. CONCLUSION

(1]
(2]

(3]

[4]

5]

(6]

[7]

(8]

9]

We have described a noncoherent receiver which allows for

reliable data reception over rapidly fading channels witho
channel state information. It utilizes an antenna arrayeto s

(10]

torize the horizontal reception space such that each sector

experiences only a fraction of the channel’s original Deppl

spread. On the downside a sectorized receiver renders 4ht]

already slowly fading channel into a quasic static channel.

This provides less time diversity. In this case diversite

tion proves to be more robust. However, sectorized receptio

can effectively compensate large Doppler spreads enabling

successful data transmission even with a sensitive madnlat

scheme such a&8DPSK.
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