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Abstract— This contribution' proposes an iterative channel
impulse response (CIR) estimation scheme in the context of
the Pseudo-Random-Postfix OFDM (PRP-OFDM) modulation.
While conventional techniques reduce noise and interference of
OFDM data symbols on the CIR estimates by simple mean value
calculation, the new proposal uses soft decoder outputs in order to
perform iterative OFDM data symbol interference cancellation.
In a typical example for 64QAM constellations, the mean-square-
error (MSE) of the CIR estimates is improved by approx. 12dB
after three iterations. Based on PRP-OFDM postfixes only, it
is thus possible to perform channel estimation for higher order
constellations (64QAM and higher) with an initial CIR estimation
over a small observation window (for 64QAM typically 30 to
40 OFDM symbols). Any loss in throughput due to additional
redundancy for CIR estimation purposes, e.g. pilot tones, learning
symbols, etc. is avoided at the cost of an increase in decoding
complexity.

I. INTRODUCTION

Orthogonal Frequency Division Multiplexing (OFDM)
seems the preferred modulation for modern broadband com-
munication systems. Indeed, the OFDM inherent robustness
to multi-path propagation and its appealing low complexity
equalization scheme makes it suitable either for high speed
modems over twisted pair (digital subscriber lines xXDSL), ter-
restrial digital broadcasting (Digital Audio and Video Broad-
casting: DAB, DVB) and 5GHz Wireless Local Area Networks
(WLAN) IEEE802.11a [1], [2].

All these systems rely on the insertion of a Cyclic Prefix
(CP-OFDM) to turn the linear convolution into a set of parallel
attenuations in the discrete frequency domain. We assume in
this paper a coherent modulation scheme which requires to
estimate the Channel Impulse Response (CIR) for performing
the decoding at the receiver. An issue with CP-OFDM is
that this estimation step is usually relying on the insertion
of learning symbols and pilot tones resulting in a loss in
useful throughput especially for high Doppler environments.
In order to address this issue and enhance WLAN mobility,
a new modulation scheme has recently been proposed: the
Pseudo Random Postfix OFDM (PRP-OFDM) modulation [3],
[4] replacing the cyclic prefix extension by a known postfix
weighted by a pseudo random scalar sequence changing at the
OFDM block rate [5]. This way, unlike for classical OFDM
modulators, the receiver can exploit an additional information:
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the prior knowledge of a part of the transmitted block and
track channel variations. [3] details several equalization and
decoding schemes compatible with PRP-OFDM.

With PRP-OFDM, an estimate of the CIR can be derived
by a simple averaging of the summation of the postfix with
the head of the time domain OFDM received block [3]. The
averaging is required in order to cancel the interference of
the samples carrying useful information on the pseudo-random
postfix. A practical trade-off needs to be established between
the length of the averaging window and the resulting amount
of residual interference impacting the channel estimation accu-
racy. For a large averaging window [6] shows that PRP-OFDM
CIR estimation outperforms schemes relying on rotating pilot
patterns interpolation in terms of mean-square-error (MSE) up
to an SNR of approx. 15dB. When targeting higher SNRs (e.g.
using high order constellations, 64QAM) the requirement in
CIR MSE is such that the constraints put on the averaging
window length lead to solutions which cannot be considered
for implementation.

In order to solve this issue, this paper proposes an iterative
CIR estimation scheme refining the first rough CIR estimates
based on exploiting the outputs of a soft output decoder which
makes PRP-OFDM suitable for high throughput systems. The
added complexity introduced by this iterative data interference
cancellation on the channel estimation can be mitigated when
the system considered already implements an advance coding
scheme such as turbo code which requires already the presence
of a forward backward decoder in the receiver.

The paper is organized as follows. Section II settles the
notations and defines the PRP-OFDM modulator. The new
iterative channel estimation technique is compared to classical
one and discussed in section III. Finally section IV provides
simulation results.

II. NOTATIONS AND PRP-OFDM MODULATOR

This section settles the baseband discrete-time block equiv-
alent model of a N carrier PRP-OFDM system. The ith
N x 1 input digital vector > § N(Q is first modulated by the
IFFT matrix FI = %N(WNJ) 0<i<NO<j<
N and Wy = eJ ¥, Then, a deterministic postfix vector

2Lower (upper) boldface symbols will be used for column vectors (matrices)
sometimes with subscripts N, D or P emphasizing their sizes (for square

matrices only); tilde will denote frequency domain quantities; argument ¢ will
be used to index blocks of symbols; (') will denote Hermitian (Transpose).
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cp = (co,-- .,cD_l)T weighted by a pseudo random value
a(i) € C,|a(i)| = 1 is appended to the IFFT outputs sy (i).
A pseudo random « (%) prevents the postfix time domain signal
from being deterministic and avoids thus spectral peaks [3].
With P = N + D, the corresponding P x 1 transmitted vector
is sp(i) = FLsn (i) + a(i)cp, where

In
ng = {7

F% and cp = (017N cg)T
Op.N

:| PxN

The samples of sp(i) are then sent sequentially through the
L—1

channel modeled here as a Lth-order FIR H(z) = > hpz™"

of impulse response hp = (hg, - ,hr_1). TﬁeOOFDM
system is designed such that the postfix duration exceeds the
channel memory L < D.

Let Hi5(P) and Hpg(P) be respectively the Toeplitz
inferior and superior triangular matrices of first col-
umn: [ho,h1,--- ,hp_1,0,—,0]T and first row [0, —
,0,hr_1, -+ ,h1]. As already explained in [7], the chan-
nel convolution can be modeled by rp(i) = Higisp(i) +
Higisp(i — 1) + np (7). Hig(P) and Hig (P) represent re-
spectively the intra and inter block interference. Since sp (i) =
FZ.8x (i) + a(i)cp, we have:

rp(i) = (Hist + BiHisr)sp(i) + np(i)

where 3; = “(()f(_i)l) and np(z) is the ith AWGN vector of

element variance o2. Note that Hg, = (His + 3;Hipr) is
pseudo circulant: i.e. a circulant matrix whose (D—1)x(D—1)
upper triangular part is weighted by ;.

The expression of the received block is thus:

rp(i) = Hg (Fpsn(i) + a(i)ep) + np(i)
— H, ( F]HVSN(i) >+np(i)

a(i)c D
Please note that equation (1) is quite generic and captures
also the CP and ZP (Zero Padding) modulation schemes.
Indeed ZP-OFDM corresponds to (i) = 0 and CP-OFDM
is achieved for a(i) = 0, 8; = 1Vi and FIL is replaced by
FH,, where

ey

Op.n—p |Ip
Fi, = [ 1 ] |
N PxN

With these notations, CIR estimation is discussed in the
following.

III. CHANNEL ESTIMATION

Below the standard low-complexity PRP-OFDM CIR es-
timation technique [3] based on interference suppression by
mean value calculation is briefly recalled. Then a description
of the proposed iterative scheme improving the CIR estimate
MSE follows. All derivations are detailed in the static context,
extension to mobility environment is possible applying the
techniques presented in [4], [6].

A. Standard channel estimation

Define Hcr (D) := His1(D)+Hig (D) as the D x D circu-
lant channel matrix of first row rowo(Hewr(D)) = [ho, 0, —
,O0,hp 1, 7h1]. Note that H]SI(D) and H]BI(D) contain
respectively the lower and upper triangular parts of Hcr (D).

Denoting by sy(i) = [so(i), --,sn_1(i)]T, splitting
this vector in 2 parts: sy (i) := [so(i), -+ ,sp—1(i)]7,
svi(i) = [sn_p(i), -+ ,sn_1(i)]7, and performing
the same operations for the noise vector: np(i) :=
[no(i), -+ ,np-a(D)]", mpo(@) = [no(i),-- np-1()]",
np1(i) = [np_p(i), - ,np_1(i)]F, the received vector
rp(i) can be expressed as:

H[SI(D)SN_’()(Z') + Oé(Z — 1)HIBI(D)CD =+ npo

I'p(i) =

Higi(D)sn,1(i) + a(i)Hisi(D)ep +np 1

As usual the transmitted time domain signal sy (¢) is assumed
zero-mean. Thus the first D samples rp (i) of rp (i) and its
last D samples rp (i) can be exploited very easily to retreive
the channel matrices relying on the deterministic nature of the
postfix as follows:

IA'(;,O = E ;1(20,(3

E rp1(i)

(i)

= Hpi(D)cp,

3)
HISI (D)CD .

Te1

Since Hisi(D) + Hip(D) = Hcre(D) is circulant and

diagonalizable in the frequency domain F p combining equa-

tions (3) and using the commutativity of the convolution
yields:

t. = feot+te1 = Here(D)ep @)
= Cphp = FECpFphp,
where Cp is a D x D circulant matrix with first
row rowg(Cp) = [co,¢p—1,¢p—2, " ,c1] and Cp :=
diag{Fpcp}.

Since in practice the expectation E[-] in (3) is approximated
by a mean value calculation over a limited number Z of
symbols, we can model the estimation error as noise np.

Assuming both the received OFDM time domain data sam-
ples and np to be Gaussian of respective covariances 021y
ar;d (;*,QLIP, the covariance of fip is Ra, = E [npnfl] =
G“L%I p. Thus, an estimate of the CIR h p can be retrieved
by either a ZF or MMSE approach [8].

B. The new iterative channel estimation

The iterative estimation scheme presented here requires an
initial CIR estimate which is for example obtained by the
technique presented above.

The iterative CIR estimation is performed in several steps:

1) Initial CIR estimation:A at iteration £k = 0, perform an

initial CIR estimation h°(3), for example as proposed in
section III-A.

2) Increment iteration index: k «— k + 1

3) Perform FEC decoding based on latest CIR estimates

h*~1(:): buffer the outputs of the soft-output decoder
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which indicate the bit-probabilities of the /th encoded
bit of the constellation on carrier n of OFDM sym-
bol i: pF(z,(i)) with n € [0,---,N — 1] and | €
[0,---,log2(Q) — 1]; @ is the constellation order.

4) Interference estimation: as detailed in appendix I, the
interference estimation u¥, (i) from OFDM data symbol
i is generated based on the bit-probabilities pf(z.,(i))
and the latest CIR estimates h*~1(i) as given by theo-
rem 1.1.

5) Interference suppression: subtract estimated interference
from received vector rp(i) and form a new observation
vector: T4 (1) = rp(i) — uk(4). R

6) CIR estimation: derive a new CIR estimate h* (i) from
¥4 (i) e.g. as proposed in section III-A. The resulting

h* (1) yields to a more accurate estimate since inter-
ference of the OFDM data symbols on the postfix
convolved by the channel has been reduced.

7) Iterate: until a given performance criterion is met go to

step 2.

The iterative CIR estimation is compatible to any FEC de-
coder which delivers at its output bit-probabilities of encoded
information bits among which are the SOVA (Soft-Output-
Viterbi-Algorithm) decoders and forward backward algorithm.
If such a decoder is applied for the sake of CIR estimation
only, the complexity increase is considerable. However, if
the proposed technique is used in a system where iterative
decoding is used anyhow (e.g. in the context of Turbo Codes,
etc.), the additional complexity can be considered for imple-
mentation.

IV. SIMULATION RESULTS

In order to illustrate the performances of our approach, sim-
ulations have been performed in the IEEE802.11a [1] WLAN
context: a N = 64 carrier 20MHz bandwidth broadband
wireless system operating in the 5.2GHz band using a 16
sample postfix. The CP-OFDM modulator is replaced by a
PRP-OFDM modulator. A rate R = 1/2, constraint length
K = 7 Convolutional Code (CC) (0171/0133) is used before
bit interleaving followed by 64QAM constellation mapping.

Monte Carlo simulations are run and averaged over 2500
realizations of a normalized BRAN-A [9] frequency selective
channel without Doppler in order to obtain BER curves.

Based on a SOVA decoder, figure 1 illustrates for a fixed
carrier-over-interference (C/I) ratio of C'/I = 24dB that the
MSE of the CIR is decreased by approx. 12dB after three
iterations using the new algorithm proposed in section III-B
compared to the initial estimates obtained by the algorithm
proposed in section III-A. This gain varies only slightly
with the size of the observation window for the mean-value
calculation postfix convolved by CIR plus noise. The BER
results (of decoded bits) for a mean-value calculation window
size of 30 and 40 symbols are given by Figure 2 and Figure
3 respectively. For a mean-value calculation over 30 symbols,
the BER performance starts to saturate for SNRs above approx.
20dB between a BER of 10~ and 1075. This effect is
no longer observed for a 40 symbols window size within

the considered BER range above 10~°. Compared to an
IEEE802.11a CP-OFDM based implementation with channel
estimation over two learning symbols, an average gain below
0.5dB is obtained for PRP-OFDM with mean-value calculation
over 30 symbols and approx. a 1dB gain for PRP-OFDM with
mean-value calculation over 40 symbols when iterating.
Note that the short size of the mean-value calculation
window also makes the proposed scheme applicable in high
Doppler scenarios and to packet based transmission schemes
where a packet contains a small number of OFDM symbols.

V. CONCLUSION

A new iterative interference cancellation scheme for PRP-
OFDM based systems has been proposed. In a typical example
the MSE of the resulting CIR estimated is improved by approx.
12dB over three iterations. This makes PRP-OFDM modula-
tors applicable to higher order constellations, e.g. 64QAM,
etc. For the reasons given in section IV, the proposed scheme
can be applied in high mobility scenarios without losing
throughput nor spectral efficiency compared to CP-OFDM
systems designed for a static environment, since no additional
redundancy in terms of pilot tones, learning symbols, etc. is
necessary.

APPENDIX |
INTERFERENCE ESTIMATION

Let describe in this section the details of the proposed
interference estimation at iteration k.

Theorem 1.1: Define the last CIR estimated h*~'(i) rep-
resented by matrix H’;{l@) multiplication. Denote by
yhil(i) = 8n(i) + Wh ! the frequency domain equalized
vector rp (i) (Wﬁ,—l representing the residual error) preformed
with the CIR estimate h*~1(i) of the previous step. The
optimum time domain interference estimate in the minimum
MSE sense is thus given by

>

an€lao,,ag-1]

p(En (i) = anlyy (1) HE, 'Fipay

N
(5)
{a, €C,n €[0,---,Q — 1]} is the set of constellation sym-
bols (alphabet) and @ the constellation order.[]
Practical aspects:
The expression p(3x (i) = an|yh '(4)) is calculated using
Bayes’ rule:

(IR

(4)|sn (i) = an)p(Sn (i) = an)

Sy(i) = an|y571(6)) =
p(Sn (i) N|>’N (4)) (~§\,_l(z))
(6)

N-1
p(sn(i) = H p(8,(1) = ap) is obtained by

n=0
exploiting the bit-probabilities b;(a,,) of the soft-decoder out-
o log2(Q)—1
puts: p(5,(i) = a,) = 11
=0
the bits are independent. This property is usually assured by
a large interleaver. p(y’]ifl(i)\é]v(i) = ay) is given by a

aN) =

p(bi(ay)) assuming that
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multivariate Gaussian probability density function (PDF) with
Rt i = Bwy ' (Wi H)H]:

A (@I5n (1) = ay) = 7 Vdet™ { Ry it |
exp {—<9§“v‘1(z’> —an)"R_i, (6 - aN)}
N YN

The expression p(¥h (7)) is calculated according to (6) by
exploiting > p(Bn (i) = an|yh 1(i)) = 1.

a€lag, - ,aqg-1]V
If ijcvfl’w;ﬁl is diagonal (or approximated by a matrix

containing its diagonal elements only), (5) can be considerably
N—1
simplified, since p(Sx (i) = an|y% (1) = [ p(é. =
n=0
anlgy =t (0)):

N-1
up@)=> >

n=0 a, E€[ao, ,aqg—1]

with ag\?) =(0,--+,0,an,0,---,0)T is derived from vector
ay in which only the nth element is non-zero.

Proof of theorem 1.1:

Define (i) = rp(i) — Hjj '(i)a(i)cp as the received
vector after subtraction of the zero-forcing PRP interference
estimate based on the previous CIR estimate Hgfl(z) As-
suming that u’(i) is a vector used in order to reduce the
interference onto the postfix convolved by the channel in
rp(i), the remaining total square error is given by

€ (i) = >

an€lao, - ,aqg-1]N

17 { (Fr(En (i) = an) — ub () (Fr(y (i) = ax) — ub(i) " }

where 7{-} is the trace matrix operator. The optimum u®, (i)
is found by setting

0€2(1) _
O (i))* 2

aNG[aOf" ,anﬂN

p(n (i) = an|yy (i)

(uh(5) — B ' Fhhay) = 0
which leads to the expression given by theorem 1.1. Q.E.D.
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CIR MSE for QAM-64, R=1/2, BRAN-A Channels, C/l = 2408

CIR MSE [dB]
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Window size for mean value
calculation (PRP-OFDM symbols)

Fig. 1. CIR MSE for 64QAM, BRAN-A, C/I=24dB.
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Fig. 2. Simulation results for 64QAM, R=1/2, BRAN-A, CIR
estimation over 30 PRP-OFDM symbols.
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Fig. 3. Simulation results for 64QAM, R=1/2, BRAN-A, CIR
estimation over 40 PRP-OFDM symbols.
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