IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 19, NO. 6, JUNE 2001 999

Orthogonal Frequency Division Multiplex
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Abstract—The effect of time-domain and frequency-domain University, Huberet al. at Erlangen University [29], Lindner
synchronization errors is quantified in the context of various et al. at Ulm University [30], Kammeyeet al. at Bremen
coherently and noncoherently detected 1, 2, and 4 bits/symbol University [31], [32], and Meyret al. [37], [44] at Aachen
OFDM constellations, in order to demonstrate the wide appli- . e e L '
cability of the techniques proposed for mitigating the bit error Umvgrsny, but the |nd_|V|duaI contributions are too numerous to.
rate (BER) performance degradations inflicted. A reference mention. In the US, it has also been advocated for asymmetnc
symbol is proposed and a range of correlation techniques are digital subscriber loop (ADSL) applications. In Europe, it has
suggested for coarse and fine synchronization. Their performance peen proposed furthermore for high-rate applications, such as
is studied over time-dispersive Rayleigh fading channels, with the 155-Mbl/s wireless asynchronous transfer mode (WATM) local

conclusion that the proposed synchronization techniques result in . . L .
virtually unimpaired BERs over the range of wideband channels area networks [33]. These wide-ranging applications underline

investigated in comparison to a perfectly synchronized system.  itS significance as an alternative technique to conventional,
Index Terms—DVB, HIPERLAN, OFM, synchronization. channel equalization assisted serial modems [2] in order to
combat signal dispersion [1]-[19].
Following the above brief historical overview of OFDM
|. BACKGROUND developments, in this paper we focus our attention on the

RTHOGONAL frequency division multiplexing (OFDM) various synchronization problems of OFDM schemes in the
Owas discovered by Chang in his pioneering paper fPntext of a range of coherently and noncoherently detected
1966 [1]. The basic idea is that dispersive transmission media 2. and 4 bits/symbol OFDM constellations, in order to
can be rendered nondispersive, if the transmission channefifgnonstrate the wide applicability of the proposed techniques.
subdivided in a high number of parallel, low-rate, nondispersife Wide range of OFDM synchronization aspects were treated
channels [2], [3]. Given the propagation environment—wheth#} [371-[51], although only [42] and [47] considered synchro-
it is a wire-line, stationary, or mobile wireless scenario—th@ization issues specifically over wideband frequency-selective
increased dispersion associated with increased transmis&Bannels. This paper contributes in the latter area by proposing
rates can always be avoided by increasing the number gypovel combination of algorithms for both OFDM frame and
subchannels. This is equivalent to increasing the memory of fhénbol synchronization as well as for frequency acquisition
channel equalizer in conventional equalized serial modems [@[d fine tracking, invoking a unique reference symbol and
Since its discovery, this technique has fascinated researcH¥@ different correlation terms, concluding by quantifying the
[1]-[19]; but due to its implementational complexity, itsoverall modem BER performance over frequency-selective
applications have been scarce until quite recently. Recenfgding channels, when using the proposed algorithms.
however, it been adopted as the new European digital audiothe paper is structured as follows. Section Il quantifies
broadcasting (DAB) standard [15]—[18], and it has also bedpe effects of synchron!zation errors in the qbove—m_entioned
adopted for digital terrestrial television broadcast (DVB) iffodem schemes. Section Il suggests a variety of time- and
Europe [22]. Its recent revival was heralded by Hirosaki [10ffequency-domain - synchronization techniques, which are
Schussler and his colleagues at Erlangen University [11]-[1§Valuated in terms of an OFDM system’s bit-error-rate (BER)
Cimini’s impressive contribution [14], and Kalet's work [19].Performance in Section IV, before concluding in Section V.
Of particular note are a range of further contributions, fdRéaders mainly concerned with the expected performance of
example, from the impressive state-of-the-art collection € Proposed synchronization schemes may prefer to bypass
works edited by Fazel and Fettweis [21], including the resear&i¢ctions 1l and Ill, and proceed to our performance section,
by Fettweiset al. at Dresden University [23], Rohlingt al. namely Section IV.
at Braunschweig University [24]-[28], Vandendorp at Loeven

II. OFDM PERFORMANCE WITHFREQUENCY AND TIMING
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Fig. 1. Stylized plot of OFDM symbol spectrum with sampling points; only
three subcarriers are shown. The symbols on the curves signify the contributions

of the three subcarriers to the sum at the sampling point. (a) No frequency offset 102+
between transmitter and receiver. (b) Frequency érfapresent.

BER

103 A

domain quadrature amplitude modulated [2] (QAM) subcarriers —etooT
are shifted byn subcarrier positions. The subcarriers are still Skt = +/-2T
: : 10 = s -
mutually orthogonal but the received data symbols, which were a8t = +/- 4T, \
mapped to the OFDM spectrum, are now in the wrong position oe 8t =+-6T, *

in the demodulated spectrum, resulting in a BER of 0.5. 105 S S S S S S —
If the carrier frequency error is not an integer multiple of © 2 4 6 8 10 12 14 16 18 20
. : . o average channel SNR [dB]
the subcarrier spacing, then energy is spilling over between the
subcarriers, resulting in loss of their mutual orthogonality. In- (b)
terference is then observed between the subcarriers, which ©l@-2. BER versus channel SNR performance over AWGN channels for a
teriorates the BER of the system. Fig. 1 shows schematica'? -subcarrier OFDM modem employing DQPSK. Positive time shifts imply
. . , time-advanced receiver window or delayed received data.
the spectrum of the OFDM signal and the receiver’s frequency
sampling points in the presence of a frequency shift and the re-
sulting interference between subcarriers. The amount of this grror of 2r A f7/T, between two adjacent subcarriers. If the
tersubcarrier interference and its impact on the performancetiofie shift is an integer multiplen of the sampling timer’,
an OFDM system can be evaluated by investigating the spditen the phase shift introduced between two consecutive subcar-
trum of the OFDM symbol, as it has been performed by Polleers isé¢ = 27m /N, whereN is the FFT length employed.

et al. [20]. This evolving phase error has a considerable influence on the
_ o BER performance of the OFDM system, clearly depending on
B. Time Synchronization Errors the modulation scheme used. In a time-dispersive channel, the

Unlike the frequency mismatch discussed above, time syphase errors introduced by timing errors are superimposed on
chronization errors do not result in intersubcarrier interferend@e channel’s frequency domain transfer function, and their ef-
Instead, if the receiver's time-domain FFT window sparf§Ct can be mitigated by differential encoding and detection, as
samples from two consecutive OFDM symbols, inter-OFDMYill be demonstrated during our further discourse.
symbol interference occurs. Additionally, even small misalign- If the timing errors are so high that the FFT window of the
ments of the FFT window result in an evolving phase shift ifeceiver includes samples outside the data and guard segments
the frequency domain symbols, leading to a BER degradatié.the current OFDM symbol, then the consecutive OFDM
Initially, we will concentrate on these phase errors. symbols interfere, severely affecting the system’s performance.

If the receiver's FFT window is shifted in the received samVhen the guard interval is followed by the data samples, a
pling stream, then the time shift property of the Fourier tran§20oderately delayed FFT receiver window may overlap with the

form, formulated as next OFDM symbol, while an early FFT window will include
samples of the data segment and the guard interval. The latter
f@t) — F(w) case will not introduce any interference, while the former case
flt—71) — e T F(w) is much more detrimental to the performance.

This asymmetrical behavior is depicted in Fig. 2(a) for
describes the effects on the received symbols. Any misaliga- 512-subcarrier OFDM modem employing differentially
mentr of the receiver's FFT window will introduce a phaseletected quarternary phase shift keying (QPSK) in an AWGN
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channel. Without any channel equalization, an early receivgpdating the synchronization tone values once per sampling
window shifted by up to six sampling instants, indicated binterval. For a more detailed discussion on these techniques the
the hollow markers, does not affect the BER performandeterested reader is referred to [37] and [38].

significantly. If the window is delayed, however, as indicated

by the black markers, then the performance is degraded dudtoFine Symbol Tracking

inter-OFDM symbol interference. A short cyclic postamble can Fine symbol tracking algorithms are generally based on cor-

be U_SGd fo mitigate this effect for small timing errors. Fig. 2(L ation operations either in the time or in the frequency do-

depicts the performange of Fhe modem using gcy(_:llc postam Qin. Warner [38] and Bingham [39] employed frequency do-

of ten samples, tolerating higher synchronization inaccuraci€y i correlation of the received synchronization pilot tones with
known synchronization sequences, while de Couasnon [40] uti-

ll. SYNCHRONIZATION ALGORITHMS lized the redundancy of the cyclic prefix by integrating over the

The results in Section Il show that the accuracy of a modenf&@gnitude of the difference between the data and the cyclic ex-
synchronization system greatly influences the overall BE®NSION samples. Sandelial.[41] and van de Beekt al.[42]
performance. We have seen that carrier frequency differen@P0sed using the autocorrelation properties of the received
between the transmitter and the receiver of an OFDM systéffite-domain samples, imposed by the cyclic extension, for fine

will introduce additional impairments in the frequency domailime tracking.
caused by intersubcarrier interference, while FFT window o
misalignments in the time domain will lead to phase errofs: Fréquency Acquisition
between the subcarriers. Both these effects will degrade theThe frequency acquisition algorithm has to provide an initial
system performance and have to be kept to a minimum by thequency error estimate, which is sufficiently accurate for
synchronization system. the subsequent frequency tracking algorithm to support fine
In a TDMA-based OFDM system, the frame synchronizatiofiacking. Generally the initial estimate must be accurate to half
between a master station—in cellular systems generally the bassubcarrier spacing. Sari [36] proposed the use of a pilot tone
station (BS)—and the portable stations (PS) has to be also maimbedded into the data symbol, surrounded by virtual subcar-
tained. For these systems, a BF reference symbol marking th#s, so that the frequency-shifted pilot can be located easily by
beginning of a new time frame is commonly used. This addele receiver. Moose [43] suggested a shortened repeated OFDM
redundancy can be exploited for frequency synchronization aggimbol pair, analogous to his frequency tracking algorithm to
FFT-window alignment, if the reference symbol is correctlppe highlighted in the next section. By using a shorter DFT for
chosen. this reference symbol pair, the subcarrier distance is increased
In order to achieve synchronization with a minimal amourgnd thus the frequency error estimation range is extended.
of computational effort at the receiver, while also minimizin@ClaRen and Meyr [37], [44] proposed binary pseudonoise (PN)
the amount of redundant information added to the data signat, so-called CAZAC training sequences carried by synchro-
the synchronization process is normally split into an acquisitiatization subcarriers, which can also be invoked for frequency
phase and a tracking phase, if the characteristics of the rand@atking. Their frequency acquisition, however, is performed
frequency and timing errors are known. In the acquisition phass;, a search for the training sequence in the frequency domain.
an initial estimate of the errors is acquired, using more compl&is is achieved by means of frequency-domain correlation
algorithms and possibly a higher amount of synchronization iof the received symbol with the training sequence. Schmidl
formation in the data signal, whereas later the tracking algi@#5] suggests a blind algorithm for PSK or Star-QAM [2]
rithms only have to correct for small short-term deviations. modulation to resolve the ambiguity of the fine frequency
At the beginning of the synchronization process, neither tignchronization algorithm proposed by Sandell [41] by a blind
frequency error nor the timing information are known, hendeequency error estimation step after the fine synchronization is
synchronization algorithms must be found that are sufficientherformed. For burst-by-burst OFDM transmission, algorithms
robust to initial timing and frequency errors. including a time-domain training sequence known to the
receiver and preceeding the OFDM transmission bursts have
A. Coarse Frame and OFDM Symbol Synchronization been suggested by Lambre#teal. [46] and Hazy [47].

Coarse frame and symbol synchronization algorithms pre- .

sented in the literature all rely on additional redundancy in ttf% Frequency Tracking

transmitted data stream. ClaRen and Meyr [37] proposed arFFrequency tracking generally relies on an already-established
OFDM frame synchronization burst of at least three OFDMoarse frequency estimation with an error of less than half a
symbols per frame. Brininghaus [24] suggested a referersehcarrier spacing. Moose [43] suggested the use of the phase
symbol for easy frequency-domain frame start detection. Fdifference between subcarriers of repeated OFDM symbols,
the ALOHA environment, Warner [38] proposed the use dh order to estimate frequency deviations of up to half of the
a power detector and the subsequent correlation of a setsabcarrier spacing, while ClaBen and Meyr [37] employed
received synchronization tone phasors—embedded in the dagguency-domain synchronization subcarriers embedded into
symbols—with the known synchronization reference phasotke data symbols, for which the phase shift between consecutive
The received synchronization tones are extracted from tB©é-DM symbols can be measured. Daffara [48], Sandell [41],
received time-domain signal using an iterative algorithm f@and van de Beek [42] used the phase of the received signal’s
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Fig. 5. Schematic plot of the computation of the correlation funcéin).
Fig. 3. Time synchronization. Plots of the correlation tetR{g) andG(j)  The gray area represents the memory of the shift register.
from (1) and (2) for two consecutive 64-slot TDD frames under perfect channel
conditions. The peaks indicate the correct TDD frame and OFDM symbol

synchronization instants, respectively. negated copies of the synchronization pattern. The synchroniza-
tion algorithm at the receiver needs no knowledge of the em-

autocorrelation function, which represents a phase shift jdoyed synchronization pattern, hence this sequence could be
tween the received data samples and their repeated copieﬁsiﬁd for channel sounding training sequences or for base station

the cyclic extension of the OFDM symbols. identification signals. Note that there are three hierarchical pe-
riodic time-domain structures in the proposed framing scheme:
E. OFDM Synchronization by Autocorrelation the short-termintrinsic periodicity in the reference symbol of

, L _Fig. 4, themedium-ternperiodicity associated with the quasi-

Both the frequency- and the time-synchronization control S'%’eriodic extension of the OFDM symbols, and kweg-termpe-
nals in the tracking mode can be derived from the received sigigljicity of the OFDM frame structure, repeating the reference
samples’ cyclic nature, exploiting the OFDM symbols’ CyCI'%ymboI every 64 OFDM symbols, as portrayed in Fig. 3. The
time domain extension by means of correlation techniques.Orjghg_term reference symbol periodicity is exploited to main-
inally, Moose [43] proposed a synchronization algorithm using;n, OFDM frame synchronization, while the medium-term syn-
repeated data symbols, and methods for the frequency error g§{fonism of the cyclic extension assists in the process of OFDM
mation employing the cyclic extension of OFDM symbols wergympo| synchronization. A detailed discussion of this figure will
presented by Daffaret al.[48] and Sandekt al.[41], [42]. The pe provided during our further discourse. Let us initially con-
frequency acquisition and frame synchronization proposed hefger the macroscopic structure of the synchronization system
are based on similar principles, employing a dedicated referefng@nhe next section.
symbol exploited in the time domain [49]. 2) Correlation Functions: The proposed synchronization

No added redundancy in the data symbols andamwiori  algorithms rely on the evaluation of the correlation functions
knowledge of the synchronization sequences employed in it¥¢;) and R(j), wherej is the index of the most recent input
reference symbol is required, since only the repetitive propgfample:

ties of the OFDM symbols and those of the reference symbol

(REF) in the proposed adaptive time division duplex (TDD) No—1
frame structure seen in Fig. 3 are exploited. All the processing G() = »_ z(i —m)-2(j —m — N)* (1)
is carried out in the time domain; hence, no FFT-based demod- m=0
ulation of the reference symbol is necessary. N+Ng—No—l

RG)= >  2i-m)-2G-m—-N) (2
F. Multiple Access Frame Structure m=0

The proposed multiple access frame structure is depictedaat 2(j) represents the received complex signal sampies
the top of Fig. 3, which is constituted by a null, reference, aride number of subcarriers per OFDM symhdl, is the length
62 data symbols. The reference symbol is transmitted once péthe cyclic extension, and¥; is the periodicity within the ref-
64-symbol frame by the base station, and it is employed by theence symbol, as seen in Fig. 4. The astérd&notes the con-
mobile stations in downlink synchronization. jugate of a complex value.

1) The Reference Symborhe proposed reference symbol G(y) is used for both frequency tracking and OFDM symbol
shown in Fig. 4 was designed to assist in the operation of tegnchronization—as will be shown below—expressing the
synchronization scheme, and it consists of repetitive copies at@relation between two sequencesgfsamples length, spaced
synchronization pattern SP &f, complex pseudorandom sam-y /N samples in the received sample stream, as shown in Fig. 5.
ples. As seen in the figure, the reference symbol is padded withe second functionk(y), is the corresponding expression for
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the reference symbol, where the period of the repetitive syt
chronization pattern &/, as seen in (2) and Fig. 4. In this case,
(Ny+N — N, )samplesare takeninto accountfor the correlatior
which are spaced by a distance/éf samples. Having defined
the necessary correlation functions for quantifying the time- an
frequency-synchronization error, let us now concentrate on ha
the synchronization algorithms rely on their evaluation.

1.0

0.8

G. Frequency Tracking and OFDM Symbol Synchronization W ©
@

In this section, we consider details of the frequency trackinQ
and OFDM symbol synchronization algorithms, which make2- ht
use ofG(j), as defined by (1). This synchronization algorithm
was originally proposed by Sandelial.[41], and assumes that
a synchronization acquisition step has reduced the frequen
error to be estimated to be less than half a subcarrier distanci

1) OFDM Symbol SynchronizationiThe magnitude of
G(Jmax) 1S maximum, ifz(ju,.x ) is the last sample of the current
OFDM symbol, since then the guard samples constituting the
cyclic extension and their copies in the current OFDM symbc*
are perfectly aligned in the summation windows. Fig. 3 showsttt
simulated magnitude plots 6f(j) andR(5) for two consecutive
transmission frames, with' = 512 andV, = IV, = 50, under
perfect channel conditions. The observed correlation peaks
|G(4)| can be easily identified as the last sample of an OFDI
symbol. The amplitudes of the correlation peaks fluctuate, sin
the transmitted OFDM data symbols differ. The correlation pee
magnitude is equal to the energy contained inAfesamples
of the cyclic extension, and averages 50 for our system will
N, = 50and an average sample power of 1. DQ_

The simulated accuracy of the OFDM symbol synchronize
tion in an AWGN channel is characterized in Fig. 6(a), wher
using a Gaussian channel was justified by the fact that tl
proposed synchronization schemes were initially tested in a 31 ol e
Mb/s data-rate portable wireless asynchronous transfer mc &‘_St" z O A
(WATM) system employing a high-gain directional antenna /"’a”bn'%ﬁ
This was necessary in order to maintain a realistic power budget )
design and support a bandwidth of 200 MHz, guaranteeing
near-Gaussian channel conditions. In Section IV, however, \wg- 6. Histogram of the simulated timing and frequency tracking errors for an

OFDM modem usingV = 512 andN, = N, = 50 over AWGN channels.
will characterize the peformance of our algorithm over fre-
guency-selective Rayleigh channels. Observe in Fig. 6(a) that for
SNRs in excess of about 7 dB, the histogram is tightly concetiren the phase difference error can be used to determine the
trated around the perfect estimate, typically resulting in OFDilequency errob f.
symbol timing estimation errors belo#207;. However, since  As the time-domain samples of the cyclic extension or the
even slightly misaligned time domain FFT-windows cause phageard interval are known to be a copy of the &stdata samples
errors in the frequency domain, this estimation accuracy candfethe OFDM symbol, the frequency error can be estimated
improved by low-pass filtering the associated error estimatesing each of thes¥,, pairs of identical samples. To improve the
Letus now concentrate on the issues of frequency tracking.  estimation accuracy when exposed to noise and other channel

2) Frequency Tracking:A carrier frequency error off re-  impairments, averaging can be carried out ovenfpestimates.

sultsinan evolving phase errd( ;) of the received samples; ): The phase of7(j) atj = jmax €quals the averaged phase
shift between the guard time samples and the corresponding data
U(of,j) =2n6f 5T, (3)  samples of the current OFDM symbol. As the corresponding
— o9 Jof (4) sample pairs are spaced Bysamples, rearranging (4) leads to
NAS the fine frequency error estimatidif; given by

02040608 1.0

[03] ;6 '

‘0'4

Clearly, the phase error difference between two samglgs

and z(j2) is a function of the frequency error and their time

delay, andis given by (6 f, j2) —W(6f, j1) = V(o £, |j2—ju)-
If the original phase difference between the two symbdjs )

Af

6ft KC';((Jmax) (5)

Because of thér ambiguity of the phase, the frequency error

and z(j,) is known, and all other phase distortion is absentyust be smaller than f /2. Therefore, the initial frequency ac-
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Fig. 7. Block diagram of the synchronization algorithms.

quisition must ensure a rough frequency error estimate with ;
accuracy of better than f /2, if frequency tracking is used.

Fig. 6(b) shows the performance of the tracking algorithm i
an AWGN channel for a 512-subcarrier modem with a cycli
extension length of 50 samples.

H. Frequency Acquisition and Frame Synchronization

0.8 1.0

Our proposed frequency acquisition and frame synchroniz
tion techniques are based on the same algorithms as the fine |, © |
guency and OFDM symbol synchronization. However, insteeQ)
of using the medium-term periodicity of the cyclic extension o .
the OFDM data symbols, the dedicated reference symbol wi
shorter cyclic periodV, < N is exploited to improve the fre-
guency capture range.

1) Frame SynchronizationSimilarly to the OFDM symbol -55 ==
synchronization, the magnitude Bf ;) in (2) and Fig. 3 is max-
imum, when the periodic synchronization segments SP of leng, ..
N, of the reference symbol shown in Fig. 4 perfectly overlap.
Again, the magnitude aR(y) for two simulated TDD frames is
shown at the top of Fig. 3. The OFDM frame timing is synchro
nized with the peak of2(j), which can additionally be taken
into account for the OFDM symbol synchronization. The pea
height is constant under perfect channel conditions, owing to tl
fixed reference symbol.

2) Frequency Acquisition:The frequency acquisition uses
the same principle as the frequency tracking scheme of Se
tion 11-G-2. Specifically, the phase d®(j) at the last sample
of the reference symbgl,.... contains information related to the w_
frequency error: DD_

AL
N-Af

02040

I

4 06 0.8 1.0

éR(jmax) =27 - 6fa . -ZVs . T9 =27 - 6fa . (6)

020

leading to

_ N Af .
6fa, — E % N éR(Jmax)- (7)

(b)

Because the spacing between the sample pairs used inthe compus. Simulated frequency and time synchronization acquisition error histo-

tation of R(j) is smaller thanin the case 61j), whichwas used grams for the reference-symbol-based synchronization algorithm in an AWGN

for the frequency trackingV, < V), the maximum detectable ¢"anel

frequency error is now increased fralyy /2to N/N, - Af/2,

whereA f is the subcarrier spacing of the OFDM symbols. conjugate of the delayed input sequences, and summed up over
3) Block Diagram of the Time-Domain SynchronizatiogV + N, — N,) andN, samples, respectively. The magnitude

Algorithms: In summary of our previous elaborations, Fig. Tnaxima of the two sequencé¥j) and R(j) are detected, and

shows the detailed block diagram of the synchronization algiiese trigger the sampling of the phase estimatéand£ R in

rithms. The received samples are multiplied with the complexder to derive the two frequency error estimatiéfisandé f;.
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Fig. 9. Short WATM channel: (a) Impulse response. (b) Unfaded frequenc
domain channel transfer functidii(n ). CO\I R
4) Synchronization Acquisition Performanc&he per- o
formance of the joint frequency- and time-synchronizatio

acquisition algorithm described above was studied in AWGI

channels as well as in a time-dispersive Rayleigh fading chan- (b)

nel. Fig. 8 shows the estimation error histograms for both tlrgy. 10. Simulated frequency and time synchronization acquisition error histo-

time and the frequency synchronization in an AWGN channefams for the reference-symbol-based synchronization algorithm in the time-

It can be seen that the time-synchronization algorithm shof{/&Pers\vé Rayleigh fading channel.

good estimation accuracy for all observed values of SNR, with

no timing estimation errors of more tha#¥, observed for ggtimation errors, where the first arriving path was assumed to

SNR values above 5 dB. The frequency estimation accuragy the correct synchronization. The algorithm seeks to synchro-

depicted in Fig. 8(b), shows very good performance Withize not on the first but on the path with the highest amplitude,

estimation errors restricted to below 10% of the subcarri@hich results in the histogram in Fig. 10(a) being spread over

distanceA f for SNR values of more than 5 dB, and errors ofhe duration of 11 sampling periods of the impulse response.

less than 5% for SNR values of 10 dB or more. The frequency estimation errors, shown in Fig. 10(b), exhibit
The time-dispersive Rayleigh fading channel employed f@44er variations than in the AWGN channel, even for high SNR

the simulations is assumed to be an indoors channel fora WARM|yes. The estimation errors are below 5% of the subcarrier

system, operating at 60 GHz with a sample rate of 225 MHgycing for SNR values above 20 dB, but are much higher for

Fig. 9 shows the unfaded impulse response consisting of thjg&er SNR values.

paths and the corresponding frequency domain channel transfer

function. Each of the paths is multiplied by an independent SYSTEM BER FERFORMANCE WITHTIME AND FREQUENCY

Rayleigh fqding function of a normalized Doppler frequency of ACQUISITION IN TIME-DISPERSIVEFADING CHANNEL

1.235 - 10~°, which corresponds to a worst-case vehicular ve-

locity of 50 km/h or 13.89 m/s. In order to investigate the effects of a real frequency synchro-
The synchronization acquisition error histogram for the refiization algorithm on an OFDM modem, a series of simulations

erence symbol based algorithm in the time-dispersive Rayleiglas conducted employing the synchronization acquisition algo-

fading channelis depicted in Fig. 10. Fig. 10(a) shows the timimghm described above. We modeled a system employing one
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tical systems, however, the error correction coding employed
for data transmission can suppress the difference in raw BER
performance.

1071

102 |
V. DiscussiON ANDCONCLUSION

BER

107 4 We have presented a Reference-symbol-based joint time- and
frequency-synchronization acquisition algorithm for the down-
link of OFDM systems. The system performance employing this
algorithm in a time-dispersive Rayleigh fading WATM channel
105 - - has been shown to be very close to the perfectly synchronized
0 5 10 15 20 25 30 35 40 45 50 modem, and it can be used without a subsequent fine synchro-
average channel SNR [dB] nization tracking stage, if the frequency and timing parameters
are not significantly varying during the delay between the refer-
Fig. 11. BER versus channel SNR performance curves for the 512-subcare¢rce and the data symbols. The proposed combination of tech-

OFDM system in the presence of a fixed frequency errot. 8Af in the ; ; ; ; ; ;
time-dispersive Rayleigh fading channel. The lines indicate the performancelpolgueS is widely applicable, provided that the corresponding

the perfectly synchronized system, while the markers indicate the performaséStem parameters, such as the pre- and postamble duration,
of the OFDM modem employing the reference-symbol-based synchronizatitiie number of frequency-domain pilot symbols, and the design
acquisition algorithm. Coherent detection of the received symbols with 64 pilgf the reference symbol are appropriately adjusted. Our future
tone channel estimation was assumed in both cases. . . "
work is focused on researching burst-by-burst adaptive OFDM
systems, exploiting the time-variant fluctuation of the channel’s
reference and one data symbol per 64-slot TDMA frame. Firequency-selective frequency-domain transfer function.
each frame, the frequency and timing acquisition was performed
using the reference symbol, and the data symbol was demodu-
lated using the estimated values for the time and frequency er-
rors. No averaging was performed for the estimated values.  The authors thank the EPSRC, U.K., and the Median and First
The simulated OFDM symbols consisted of a 512-subcarrignropean Consortium partners, in particular, to J. Borowski, S.
data segment, with a cyclic preamble of 64 and a cyclic pogteisberg, and numerous other professional friends for fruitful
amble of ten samples. The postamble helps avoid inter-OFDscussions.
symbol interference for small timing synchronization errors.
The channel employed for these simulations was the three-path

model depicted in Fig. 9(a) with the same fading parameters as
listed above [1] R. W. Chang, “Synthesis of band-limited orthogonal signals for multi-
’ channel data transmissiorBell Syst. Tech. Jvol. 46, pp. 1775-1796,
Coherently detected BPSK. QPSK and 16-QAM were Dec. 1966.

assumed for data transmission over the subcarriers, and thig] L.Hanzo, W. Webb, and T. KelleGingle- and Multicarrier Quadrature

. : : _ : Amplitude Modulation Chichester, U.K.: Wiley—IEEE Press, 2000.
channel estimation was performed with 64 frequency domaln[3] T. Keller and L. Hanzo, “Adaptive multicarrier modulation: A conve-

pilot tones spread across the OFDM bandwidth. The pilot- "~ nient framework for time-frequency processing in wireless communica-
based channel estimation not only tries to cancel out the  tions,”inProc. IEEE vol. 88, May 2000, pp. 611-642.

_ ; ; e [4] M. S. Zimmermann and A. L. Kirsch, “The AN/GSC-10/KATHRYN/
frequency domain fadlng effects due to the channel's Impl’"se variable rate data modem for HF radi¢BEE Trans. Commun. Techngol.

response, but also corrects the phase errors caused by moderate vol. cCM-15, Apr. 1967.
errors of the timing synchronization. A constant frequency [5] E. N. Powers and M. S. Zimmermann, “A digital implementation of a

. : : multichannel data modem,” irroc. IEEE Int. Conf. CommuyPhiladel-
error of6f = 0.3A f was assumed for the simulation. phia, PA, 1968,

The symbols in Fig. 11 show the BER performance of the [6] B.R. Saltzberg, “Performance of an efficient parallel data transmission
OFDM modem employing the acquisition algorithm for syn- _  system.”inlEEE Trans. Commun. TechnoDec. 1967.

o . . . . . [7] R. W. Chang and R. A. Gibby, “A theoretical study of performance
chronization in the fadlng tlme-dlsperswe channel, compared of an orthogonal multiplexing data transmission scherntefE Trans.

to the ideally synchronized modem with the same pilot-based = Commun. Technglvol. COM-16, Aug. 1968.
Channel estlmatlon, WhICh are represented by the Contlnuoug] S. B. Weinstein and P. M. Ebert, “Data transmission by frequency di-

. vision multiplexing using the discrete Fourier transfortEEE Trans.
lines. It can be seen that for all SNR values, the perfectly syn-  commun. Technolvol. COM-19, pp. 628-634, Oct. 1971.

chronized system performs marginally better than the acquired9] A. Peled and A. Ruiz, “Frequency domain data transmission using re-

synchronized one, for all studied modulation schemes. The dif- g;cg% :%‘;‘;‘Jtﬁtiona' complexity algorithms,” fioc. ICASSP1980,
ference between the two systems’ performance is, however, Vefi’O] B. Hirosaki, “An orthogonally multiplexed QAM system using the

small for SNR values of up to 30 dB for BPSK and QPSK. discrete Fourier transformJEEE Trans. Communyol. COM-29, pp.
16-QAM shows greater sensitivity for synchronization-errorin- ___ 983-989, July 1981.

. . [11] H. J. Kolb, “Untersuchungen Uber ein digitales Mehrfrequenzverfahren
duced noise, and suffers a maximum SNR loss of about 1 dB. zur Datenubertragung,” Ausgewahlte Arbeiten Uber Nachrichtensys-

For very high SNR values, the residual synchronization teme, Universitat Erlangen-Nirnberg, no. 50.
errors that can be observed in Fig. 10 significantly influencd12] H. W. Schussler, “Ein digitales Mehrfrequenzverfahren zur Datenuber-

h , f It . idual BER | tragung,” inProfessoren-Konferenz, Stand und Entwicklungsaussichten
the system’s performance, resulting in residua valuesS  yer Daten und TelekommunikatiorDarmstadt, Germany, 1983, pp.

between about0—* for 16-QAM and10~> for BPSK. In prac- 179-196.
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