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Abstract— This contribution® compares the recently pro- in terms of required overhead (learning symbols, pilots,)et
posed Pseudo-Random-Postfix OFDM (PRP-OFDM) modulation additional power consumption and calculation complexity f
scheme with the standard Cyclic-Prefix OFDM (CP-OFDM) - given minimum mean square error (MSE) requirements on the
modulator in the context of channel estimation and tracking. The . . - .

PRP-OFDM modulation grants low-complexity channel impulse CIR gst|mates: In the §equel this question will be addressed
response (CIR) estimation in the receiver avoiding the usual ~ ThiS paper is organized as follows. The assumed channel
overhead required for CP-OFDM in terms of preambles, pilot model is briefly introduced in Section Il. Notations and defin
tones, etc. The evaluation criterion is the mean square error tions of CP-OFDM, ZP-OFDM, and PRP-OFDM modulators
(MSE) of the CIR estimates and the overall system capacity. gre given in Section IIl. In Section IV it is shown how to obtai
Results are given for the static context and for Doppler scenar® . . . .
with a mobility of 30 m/s at a carrier frequency of 60 GHz. phannel .ok.)serva'uons at the receiver, which are theq ccmjb|.n
in the minimum mean square error (MMSE) sense in Section
V. The considered techniques are discussed in Section VI,
. INTRODUCTION while some results for an example system are presented in

. . Section VII. Section VIII concludes the paper.
MAIN issue for any coherent OFDM system is the ! I ! pap

estimation and tracking (in a mobility scenario) of the
propagation channel impulse response (CIR). Usually this , . i )
relies upon training symbols, such as preambles and pilotVe &m to model a discrete-time equivalent base-band
tones; a trade-off between the quality of the CIR estimaels achannel. Commonly a tapped delay line model is em-
the loss in throughput due to the training symbol overheadRioyed, where we assume that the tap delays are multi-
a common issue here. An efficient solution relies on rotatirf§eS of A7. We define a time-dependent vectdn(i) =
pilot schemes, as used for example in the DVB-T standare(1); h1(2),--- chm(i), -+ hi—1(i)]" as the discrete-time .
[2] combined with two-dimensional Wiener filtering (overfduivalent base-band CIR. That means that the CIR has gain
time and frequency) for channel estimation. The corresipand /»m (?) at time instantiA¢ and at delaynA7. In the context

algorithms are commonly known under the pseudomifat- ©f OFDM we defineAt = T and A7 = 1/B to be the total
Symbol Aided Channel Estimation (PACE},[4]. OFDM symbol duration and the sampling period, respectively

Other ideas have been proposed in order to avoid thisWith the assumption that the arrival times of the channel

overhead, such as (semi-)blind channel tracking based taRs co_incide with multiples oA, the_ model c_>f uncorrelated_
second (or higher) order statistics [5],[6],[7], but thesuglly scatterln% gan be used for thg fjlscr_ete-tlme chanr?e_l, i.e.
turn out to be arithmetically complex and slowly converging?im ()7, (7)] = 0 for m # n andi, j arbitray. Moreover it is
This motivated the recent proposal of the Pseudo-Randoﬁ?—Sum?d that the tap galns_follow aw@e-sgns.e st.at|orlla|¢y pr
Postfix OFDM (PRP-OFDM) modulation scheme [8],[9]’[10Eess wnh a complex 2Gaus;S|an probaplllty distribution tum;

as an evolution of standard Cyclic-Prefix OFDM (CP-OFDMSPDF) with variancer,,, = E[h,, (i)hy, ()] and not necessarily
and Zero-Padded OFDM (ZP-OFDM) [11]. It offers low-28r0 mean. Hence the amplitude of each tap follows a Ricean

complexity channel estimation and tracking means suitalﬂgtr?bu“on' . : . .
for high mobility scenarios by replacing the standard @ycli With the assumptions of wide-sense stationarity and uncor-

prefix by a pseudo-randomly weighted deterministic sequeri€!ated scattering (WSS-US) we are now ready to formulate
known to both the transmitter and the receiver. Thus the saffi€ two-dimensional auto-correlation function of the afein
overhead is kept compared to CP-OFDM and the chanri@@ convenient fashion

II. CHANNEL MODEL

estimation is possible without any loss in throughput. s(mi, ma,i1,12) = Blhp, (i1) ki, (i2)]
In [10],[12] efficient and low-complexity channel estima- = Elhm, (i) B%, (i)] - 6(ma — m1)
tion and decoding schemes are presented in both static and m m )

Doppler scenarios. However the important question remains = (i, 12)6(mg — mi)oy,, @)
which trade-offs are inherent to CIR estimation with the , , .
. . Lower (upper) boldface symbols will be used for column vecforatrices)
considered PRP-OFDM and CP-OFDM modulation schem&smetimes with subscripts’, P, or D emphazising their sizeswill denote
frequency domain quantitieg? (') will denote Hermitian (Transpose) and

1This work is supported by the European Commission and parteofSfi  (-)* is the complex conjugatdy (0« as) Stands for the sizéV identity
BROADWAY PROJECTIST-2001-32686 [1]. (size N x M zero) matrix.



with 6(.) being the Kronecker Delta-function. The auto- As already explained in [13], the channel including the
correlation function in time direction(i1,i2) is usually convolution with the CIR can be modeled by
selected according to Jakes’ model, hencgi,is) = _ IST/ /- IBI, /- .
Jo(2m fp(i2 — i1)At) with fp being the Doppler frezquency y() = Hp () x(0) + Hp" (i) x(i = 1) + ve (), ()
and.J, being the Bessel function of first kind and zeroth ordewhere HS'(i) and H!IP’l(i) are the size P Toeplitz
Since the two-dimensional auto-correlation function all a® inferior and superior triangular matrices of first col-
the auto-correlation function in time direction only degen umn [hg (i), hi(i), -+ ,hr—1(i),0,--- ,0/T and first row
on the time differencéi, — i;)At, they are in the following [0,---,0,hz_1(i),---,hi(i)], respectively. They represent
expressed by(m,mo, iz —i1) andr(iz — 1), respectively. the intra and inter block interference, respectively. Thetor

Let hy (i) be a vector composed di(i) and (N — L) wvp(i) introduces additive white Gaussian noise (AWGN), thus
trailing zeros. Further lefy be the N-point FFT matrix its elements follow a Gaussian PDF with zero mean and
with element (i, j) being vV N(~, where¢ is a Nth root varianceo?.
of unity, i.e.{ = exp(j27/N). Thenhy(i) = Fy hy (i) = Once the CIR is known at the receiver PRP-OFDM can
[ho(i), h1(i), -+ ,hn—1(i)]T comprises the channel coeffi-be reduced to ZP-OFDM [9], which in turn can be trans-
cients in theN-point frequency grid. It follows that;(i) = formed to CP-OFDM by an overlap-add (OLA) approach
\/ﬁzﬁl;lo hm(1)6~™k, It is then straightforward to obtain [11]. Consequently a low-cost trade-off of PRP-OFDM is
the two-dimensional auto-correlation function of the fregcy rather comparable with CP-OFDM in terms of complexity

domain channel coefficients and performance, but addional information can be exploited
o S e through the prior knowledge of the postfix. Of course other
S(ky = k1,i2 — i1) = Elhg, (i2)hi, (i2)] performance/complexity trade-offs are possible, e.gkradwn
L-1 ZP-OFDM equalizers [7],[11] as well as direct equalizafi®h
= VN Y s(m,m, iy —ip)¢mF M), (2)  might be applied in a PRP-OFDM system.
m=0

IV. CHANNEL OBSERVATIONS AT THERECEIVER

A. CP-OFDM
The baseband discrete-time block equivalent model of anag the receiver the cyclic prefix of the received signal is
OFDM system withV sub-carriers is considered. Tt N x  giscarded, thus fol. < D the remainingN x 1 size vector
1 input vectorx(4) is first modulated by the IFFT matriky  pacomes [11]
and then multiplied with & x N size guard inserting matrix
T in order to prevent inter-symbol interference among the ¥(i) = HN'(i)F x(i) + HY' (i) Fiy x(i) + v (i)
OFDM symbols. WithP = N + D the corresponding® x 1 = H{RC(OFEx(0) + vy (i), (6)
size time domain vector of th&h OFDM symbol is

Ill. OFDM CONCEPTS

whereH{IRC (i) = HP (i) + HIP(7) is a circular matrix that
x(i) = TFEx(:). (3) can be diagonalized by pre- and post-multiplication witirFF
and IFFT matrices [14]. Hence in frequency domain we have
In case of standard CP-OFDM the transmitted signal is pre- CIRC /o - ‘
ceded by a cyclic extension @ samples, thud is y(i) = FyHE ™ () Fyx(i) + Fyvn (i)
] = diag{ho() - -~ hi (i) - - hn-1(0)}xn (1) + VN (D). (7)

From (7) it follows that the channel coefficiehy, (i) can be
directly observed if the transmitted symhol () is known at
He receiver. We assume a constant-energy-type modulation

DNoie. 7.(1) = eder(i) - i
channel nulls [11]. For the sake of robustness ZP-OFDM Wxé(l)’ €. Tk (1) = e N After back.rotatmg the ph‘?‘se on

. . the considered sub-carrier one obtains an observationeof th
proposed [6], whereby symbol recovery is always possib € annel coefficient

regardless of any channel nulls [7]. In case of ZP-OFDM - 3 o
the transmitted signal is followed by a zero field, herEe Ry (i) = hi (i) + e 72O (4). (8)
is composed of

TCP . Opx~n-—plIp
= In

The use of the cyclic extension simplifies the equalizati
process considerably, but it leads to strong sensitivity

I The phase rotation of the noise term does not change its

T .= [ N } . statistical properties. Thus the observations are supesed
Opxn . . - )
by samples of a white Gaussian noise process with zero mean

In [8],[9],[10] the PRP-OFDM concept was proposed, wherand variancer2.
the trailing zeros in ZP-OFDM are replaced by a constant
vector weighted by a pseudo random sequeog)}, a(i) € B. PRP-OFDM
C, |a(4)] = 1. The transmitted signal in a PRP-OFDM system We combine (4) and (5) and remark tH{EIT?P = 0p, v

is then obtained by adding the pseudo randomly weight%jr D > L. Then the received® x 1 size PRP-OFDM signal
postfix to the transmitted vector in a ZP-OFDM system vector becomes

x(i) = T?PFRx(i) + a(i)ep cp = (O1xn | cf))T (4) y(i) = HS' (i) TZPFH x(i)

with ¢p containing a fixed sequence of length +Hp' (i) a(i)ep + HE' (i) a(i — ep + vp(i). (9)



Now let x((¢) andx;(¢) be two vectors containing the firstan observation vectok to obtain a vectork, which is an
and the lastD samples ofF X x(i), respectively. Employing estimation ofx. The processing system is usually constrained
the central limit theorem the PDF of the elementsFdf x(i) to FIR filters. Hence all observations are combined lingaril
(and thus also ok (i) and x;(¢)) can be approximated by . ~

a Gaussian PDF with zero mean and variangeFurther let X=Wx (14)
yo(7) andy; (i) be two vectors containing the first and thgyiiy w being the coefficient matrix obtained by

last D samples ofy (i), respectively. Similarily letvy(i) and

v1(#) comprise the first and the lagd samples ofvp(i), W = R,zR;. (15)

respectively. Then from (9) it follows .
P y ©) The matrixesRxzx = E[xx] and Ryx = E[xx] are

yo(i) = HS (i) x0 (i) + HB (i) a(i — 1)cp + vo(d) respectively the auto-covariance matrix of the input veatal
y1(i) = HS(4) a(i)ep + HB (i) x1 (i) + v1(i).  (10) the cross-covariance matrix of the desired output and etin
vector. The resulting (minimized) MSE of the output is given
An observation of the CIR now might be obtained by by [16]

hp (i) = yo(i)/a(i — 1) + y1(i)/a(d) aisp — = X2t (R — R.xRzxRE) (16)
=H5(i)ep + HS (i)ep +up(i)  (11) ToxIE tr (Rocx)
with with R, = E[xx'’] being the auto-covariance matrix of the
- HBL) xo(i) + vo(i)  HIBL() x (i) + vy (i) desired output vector and(.) being the usualrace-function.
up(i) = ali—1) a(i)
(12)

) ) ) ‘ B. Channel Estimation in Frequency Domain
being aD x 1 complex noise vector with element variance ) i i
02 = 0% + 202. The sumHE! (i) + HIBI(i) yields a circular Direct observations of the frequency domain channel coeffi-

w T

matrix HSRC (7). Hence the expression in (11) turns out t§ients are easily obtained by (8) for CP-OFDM and might also
[ i iX Wi i btained for PRP-OFDM [8]. Let = [ig, i1, ,in—1]
be a circular convolution of the postfix with the CIR. Usind?® © KICRRNE

the commutative property of the convolution we obtain ~ @nd# = [io, %1, ,ia—1] be two vectors containing respec-
~ tively the time and frequency indices of observed channel
hp (i) = CERhp (i) + u(i), (13)  coefficients. Analogously lef = [jo, j1,- -+ ,jx—1] andj =
[j0,71,- - ,Jrx—1] be two vectors containing respectively the

. CIRC . . . . .
\[,Z:)t,hcl,('jP ,CD_T.mg a circular matrix  with first row tim_e and frequency indices_of the€ channel coefficients to be_
Contrarily to CP-OFDM with PACE an instant observatiory st|mat:ed. The ‘?bov:e nqtanon allows us o forTm an observat
of the whole channel is obtained, though the observatioas 4F C.0 & = [h3, (i0), b, (i), -~ s, (inr—1)]" as well as
superimposed by additional noise. Hence in static or slo@\/vecgor gompnsmg the qeswed‘chanr%el coeff|c.|ent esamat
time-varying environments sufficiently good channel eaties S — 113 (]O)t’)hil (1) 7h3;<al (]K7|1)} . Accr:]ordmg to the
might be obtained by simply averaging over a number (F{ewousﬁsu saectl?n_l\_/\;le'netle to calculate t.le colvarllan%ebma-
OFDM symbols and deconvolving with the postfix [10]. ices Rg; and Rgz. Their elements are easily calculated by
Finally it is necessary to transform the estimated CIR int%tlllzmg the channel correlation functions derived in Gae |
the frequency domain. By limiting the CIR to the fir& R
samples the noise term is reduced by the faddgiv [10]. ~ ~ .
It is also possible to directly observe the frec?uency domain Reg(k,m) = S(im = Ji, im — k) (18)
channel coefficients [10]. This way a proper postfix desigpith +2 equal tos? in the CP-OFDM case. The filter coef-
[15] allows a more efficient exploitation of the pilots, buficient matrix can now be computed by (15) and the MSE of

complexity is usually increased. the estimates is obtained by (16).

(k,m) = S(it — i, ik — im) + 02 6(m— k) (17)

N Qu  0Qu

V. MMSE CHANNEL ESTIMATION AND ESTIMATION
ERROR o _ _ .
In the previous section it was shown how to observe theUnhke in the previous subsection no direct channel obser-

channel at the receiver. Those observations do not alwa\lfé'ons are available, but the CIR circularily convolvedhwi

directly give all channel coefficient estimates with suéfiiy the pos_tflx 'S ob_served. . T .

high accuracy required for equalization. Hence differeimt o We aim to estimate the CIR()). Leti = [ig, 1, in—]
servations have to be combined. In this article we only focff? a vector comprising the t'me. indices where observa-
on the estimator being optimum in the MMSE sense, whidfP"s of the entire CIR are available and form the ob-

; 5 — T wNT . T 7T
is known as the two-dimensional Wiener filter [4]. Zer:?rgglrelz \;?;L%int_sho[\}llvgszozhz’ith(tﬁ;tﬁ ele’rilgnl\tl _olf)g] is-

Rk mod p(k div D) with mod anddiv yielding the remainder

C. Channel Estimation in Time Domain

A. Wiener Filtering and the integer part of a division, respectively. Analodpus
We briefly summarize the design of a Wiener filter andie defineg = [h(ig)?, h(i1)?, -+  h(iy—1)T]F andw =
give an expression for the resulting MSE (for details sde(io)”, u(i;)T, -+ ,u(ip—1)T]T. Considering (13) it is easy

[16] and [4]). The Wiener filter (or optimal filter) processeso show thatg = (I,; ® C&RC)g + w with ® being the



Kronecker product. With the above notations we can exprgsswer consumption, and effective bandwidth for data trans-

the covariance matriceBgz andRyg as mission.
R.- = (I CCIRC R 1. CCIRC H wa 19
gg = (lw @ Cp gl gg;M@) b )T+ (19) VIl. PERFORMANCEEVALUATION
Rug = Rug(Iny ® CHRO)H, (20)

In this section we compare the performance of the two chan-
whereRyw = 02Iy.p and the elements dRg, and Ry, nel estimation techniques. An example OFDM system similar
are calculated by to HiPerLAN/2 [17] and IEEE802.11a [18] but operating at
B ) 60 GHz is considered [1]. The system bandwidth is 20 MHz

Reg(k,m) = s(k mOdD’mmOdP’ (k - ”?) divD) (21)  and 52 out of 64 sub-carriers are used. Since at 60 GHz the

Rug(k,m) = s(k,mmod D, (mdiv D) — j). (22) channels become quite short, the guard interval is fixed to

Finally the filter coefficient matrixXW and the MSE of the 400 ns (8 samples). Hence the total duration of one OFDM

estimates are obtained by (15) and (16), respectively. symbol is 3.6.s. _
In case of CP-OFDM with PACE we use the

elements of the following set as pilot positions:
o o {£2, 46, £10, £14, £18, £22, £24, £26} and distribute
~Recent contributions [8],[9] demonstrated quite impregpe pilots equally over a certain number of OFDM symbols.
sively the performance capabilities of the semi-blind ef@in Thee gifferent scenarios will be considered: 2, 4, and &tpil
estimation technique based on PRP-OFDM. The clear advapy oFpm symbol.
tage of PRP-OFDM is that channel estimation is possible r5; PRP-OFDM we use the Kaiser window of length
yvithout reducing t_he through_put, i.e. no additional ovadhe g 55 the postfix [15]. As mentioned in Section IV-B the
in terms of bandwidth is required. Moreover at the receler ansformation of the final CIR estimate into the frequency
pilot samples can be exploited, which usually is considgrabyomain involves a reduction of the MSE by the facfofN.
more than in a CP-OFDM system employing PACE. This if,, oyr example system this amounts to 9 dB.
turn means that usually in PRP-OFDM more power has to bethe \wiener filter requires the knowledge of the power delay
spent for the pllot.symbols _than m_C;P—OFDM. We conclu_dﬁmf"e (PDP) of the CIR. We assume a CIR of lenghwith
that PRP-OFDM is bandwidth efficient and CP-OFDM iy rectangular PDP. Moreover it is assumed that the Doppler
conjunction with PACE is power efficient. _ frequency as well as the SNR is perfectly known at the
We next try to draw a more general conclusion about thgcejver. For the estimation of all required channel coieffits
efficiency of both techniques by considering the differenf; one time instant the observations of 20 OFDM symbols are
effective bandwidth anq power consumption. For this reas@gnsidered and a delay of 2 OFDM symbols is adopted. It
the total system capacity is calculated. ~shall be noted that the complexity of the two schemes is of
~ Recall that CP-OFDM and ZP-OFDM are quasi-equivalete same order and directly depends on the number of pilots
in terms of performance/complexity if OLA is employed in &er OFDM symbol.
ZP-OFDM receiver [11]. Say in either casé, sub-carriers  he MSE of the channel coefficient estimates is calculated

are used to transmit information. In additio¥ip pilots are ging (16). Simulations confirm the theoretical resultsthay
transmitted to estimate the channel. Thagepilots are either 5ra ommited in this paper due to limited space.

reserved sub-carriers in a CP-OFDM system or pilot samples
in the guard interval in a ZP-OFDM system. From the total ~10;

VI. DISCUSSION

power consumption point of view that means that a certain NN o RRPIOFOM E—
portion of the transmitted power is spent for the pilot syfabo - CP-OFDM 4 pilots/symbol
Thus the remaining power for the data symbols is reduced - SP-OFDM 8 pllots/symbol
by the factorNp/(Np + Np). Moreover imperfect channel —15}
estimation introduces an additional noise term with itsaraze @ .
quantified by the MSE. Hence the total effective signal-to- |}
noise ratio (SNR) on the data sub-carriers amounts to g
1 -1 =201
SNReg = (SNRL> + MSE . (23)

¢ Np+Np/) ) 7 REea N N L\
with SNR being the usual channel SNR. We now utilize o5 ‘ S\ ‘
Shannon’s well known capacity formula for Gaussian channel -5 0 15 20 25

10
N SNR [dB]
C = WD BT log, (1+ SNReg) [bit/OFDM symbol] (24) Fig. 1. MSE as a function of the SNR (dashed lines: v=0, sitiesl v=30m/s)

with B andT being the total system bandwidth and the symbol We now focus on the achievable MSE of the channel
duration, respectively. The factd¥, /N considers that only estimates. In Fig. 1 the MSE is plotted as a function of the
a part of the total bandwidth is used to transmit informatiorSNR for a static environment and for a Doppler environment
As a result of this section we established a measuremavith 30 m/s relative speed between transmitter and receiver
allowing a fair comparison of different channel estimatioRPlease note that the Doppler frequency amounts to 6 kHz. It
techniques considering their estimation accuracy, amditi turns out that PRP-OFDM is superior for low SNR values.



We highlight that PRP-OFDM with 8 time domain pilotsclassical CP-OFDM with PACE is the better option. Thus

even perfoms better than CP-OFDM with 8 frequency domalPRP-OFDM is generally limited to configurations with small

pilots. For higher SNR values the MSE for PRP-OFDMonstellation size and/or powerful error-correcting code

flattens and CP-OFDM with PACE performes better. The error
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