OFDM with Cyclic-Pilot Time Diversity
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Abstract—We present a novel transceiver design for orthog- | TRANSMITTER
onal frequency-division multiplexing (OFDM) wireless sysems = | - !
employing pilot symbol aided channel estimation (PSACE). Te Flacging !
design is based on the insertion of known pilots into the | US* ;
time-frequency OFDM grid in a controlled cyclic fashion to S : . paralle !
exploit time diversity without the allocation of additional band- ;—— = IFFT [ o to a !
width. Semi-blind iterative detection based on the expection- | — Serel
maximization algorithm along with optimum combining is em- ‘
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ployed at the receiver. Despite moderately increased tragiver %
Channel

complexity, simulations show that the proposed design hasipe-
rior error rate performance compared to conventional PSACE  -------------ommmmmmo o

methods for the same pilot overhead. | RECEIVER :
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Delay diversity (DD) was rst introduced in 1993 as smsen| <1-

a simple means of providing spatial diversity in digital ﬂ SN Ries
communication systems using multiple transmit antennas e

[1]. Here, the transmission of delayed versions of the same  |petecton @ Atvirual plts only !
symbols from different antennas recombiner at the receiver ﬁ Jnitial) @’ (Spedation |

leads to improved symbol error rate (SER) performance.
A more detailed analysis of the technique has led to its MM SE

Chanrel

optimization in terms of diversity gain and bandwidth Esimation+ <:’ N iy o !
ef ciency [2]. It was shown in [3] that in order to exploit; L '™Po=n
fully the diversity gain of DD systems, the spatio-temporal s
coding must have a cyclic structure. In this paper we intoedu Fig. 1. OFDM system model.
the incorporation of cyclic delay diversity (CDD) coding in
the channel estimation process of single-input singleaut
OFDM systems. Using a decision directed approach, we Il. SYSTEM MODEL
extend conventional PSACE for OFDM systems (see e.g. [4],Consider the baseband OFDM system model of Fig. 1,
[5] and [6]) to exploit time diversity within the pilot tones transmitting symbols from an MPSK coigstellatiwh through

The rest of the paper is organized as follows. In Sectianmulti-path channel modeled ag(i) = |L:1 (k) (I ).
Il we present the OFDM baseband transceiver model witthe complex path gains are modeled as uncorrelated com-
details regarding the transmitter and receiver structurggdex Gaussian random processes distributed according to
Computer simulations are presented in Section Il and v@&N(0; 2|) with an exponertiaIIy decreasing power-delay pro-

offer concluding remarks in Section IV. le normalized such that |-, 2 = 1. We describe the

We use the following notations throughout the paper: Bol@ansmitter and the receiver structures in detail below.
letters represent vectors and matridey. is the transposition

of a matrix (or vector) and ) is the conjugate-transpose”- The Transmitter
CN(0; 1) is the complex normal distribution with zero mean Suppose that at each tirke a total ofN baseband symbols
and unity varianceEfg is the expectation operator anddrawn from an MPSK constellatidd and denoted by the set

At known & virtual pilots

the vectory. kk, is the vector 2-norm an#d is an estimate transmitter. Of these symbols, a total bff, are allocated
of x. Finally, Iy is theM M identity matrix. as known pilot tones to be used for channel estimation for
coherent detection at the receiver [7]. After transmission



sub-carrier (freq.)

this set enters the buffer/ agging module of Fig. 1. Nowg
consider the transmission of the next OFDM symbol set| &5 33 56 &\(\71’ | j ® A

Sk+1 . The cyclic encoder of Fig. 1 introduces time diversity l L(z)t\\\lskwl I SN B ‘

into the pilot tones of this symbol set before transmission. Cyelic Enzde, ) ﬁ

The encoder achieves this task by using the buffered symbol @ | maipion ®

Sk. The encoder rst reads the OFDM symbol retained in S 50B) 546 s Su@  503)  5,6) s 0

the buffer; next, it reshapeSys1 as a function ofS, to el | N TN NI TN T

incorporate controlled time diversity. Before we explalre t @ 5l 80O 8 5@ 5a@ 80 8.0

cyclic encoding process we must explain the details of the % @

agging process. ® | Flagging | -
Pilot Flagging: Each buffered OFDM symbol set, e V7

is partitioned into three subsets: iﬁéﬁf@fé}f{@
i) A set of symbols agged asknown pilots

- ; . ; Fig. 2. Details of the Cyclic Encoder operation with = 8, Np = 2.
Pk fS(p) 1p2 Mp S(p) 2 S0, where Mp 1S the STEPS: 1) The previous OFDM symbol (tinkg is read from the buffer. 2)

pilot ind_ex _Set Np = Np1,Np2; -2 Npjpj- and jPj s virtual pilots are duplicated itk + 1, all other sub-carriers are allocated for
the cardinality of Px. The pilots are equi-spaced so thagata. 3) OFDM symbok +1 is transmitted. 4) The virtual pilots are agged

- —ipi - ) ) - as known pilots and a new set of virtual pilots is determingd Flagged
1 P i (JE)']I JPlJ)C Mpi Mp(i+1) const, for any OFDM symbolk + 1 is buffered.

i) A set of symbols reserved for data transmission denoted

by the seDy = S Py = fs(d) jd2np ; s(d) 2 Skg. a quasi-static time-varying channel whekg, is assumed
iii) A subset of the data symbols agged wstual pilots, 5 pe constant throughout the OFDM symbol and changes
which are located midway between the known pilots. Denofgjenendently from symbol to symbol. Such an assumption not
this set asVi = fs(v) jv2ny ;s(v) 2Dkg, whereny is  qnjy simpli es the mathematical analysis but also maxirsize
the V|rtuall pilot index seny = nvi;Nv2;:i5Nvivi = the diversity gain. The independencetdf, andH .1 , leads
Np+ —- modN . The number of virtual pilots is {4 the independence of the received vectors at tilnend
equal to the number of known pilots $dj = jPj k+1. However since the cyclic encoder has inserted repetitive

Cyclic  Encoding: The cyclic encoder reads thegympols at virtual pilot locations by settir§: = Vi we
agged buffer symbol set S¢ and reconstructs g e-

Sk+1 at the virtual pilot location of Sy so that gk = gk @)
Sks1 = Vi [f s(n)jnzny; s(n)2Sk+1 g The OFDM K+l k

symbol setSy.; is subsequently transmitted and also fed tavhere the superscrighy )« denotes the virtual pilot location
the buffer/ agging unit withPy.+1 = Vi. Fig. 2 shows the de ned at the transmitter by, = nyi;ny2; i Ny =
operation of cyclic encoder for a simple system with= 8 np + TP mod N at timek. The receiver we seek is
sub-carriers anfl, = jVj = jPj = 2. one that uses a maximume-likelihood (ML) or a maximum

Note that since the actual data are used as pilots (virt@alposteriori (MAP) criteria to estimate the fading channels
pilots) in a decision directed approach, the cyclic encoderc+1 and Hy and subsequently employs maximum-ratio-
described above does not increase the pilot overhead cethparombining (MRC) diversity at the virtual pilot locations.
to a conventional PSACE system employiNg known pilots This situation is similar to classical single-input mulkip
per OFDM symbol. output systems employing some form of diversity combing
. before ML detection. Except here, the diversity is in theetim
B. The Receiver domain as apposed to the spatial domain and the diversity

Assuming that the normalized length of the chanheljs is present in the pilots as apposed to the data symbols.
less than or equal to the cyclic pre x (guard interval), th@gain similar to the multi-antenna case, in order to underta
inter-symbol interference (ISI) is eliminated and the iy  coherent detection and also diversity combining, the wetei
received vector at timé& may be represented in baseband amust rst attain an accurate estimate of the channel gaims. |

Re = SiHi + Ny L othe_r Wordslh K+1 .alndlhk must be attained via PSACE prior
to diversity combining.
whereSy = diagfSkg = diagfs(1);s(2);:::;S(N)g, is the At rst glance, such a task seems unfeasible for our system

N N diagonal matrix of transmitted symbols at tirkeand since the pilots are unknown to begin with. Note however
Hy¢ = [H(1);H(2);:::;H(N)]I is the lengthN channel that Ry and Ry.; of (1) are coupled as a result of the
frequency response (CFR) at timke ny is additive white virtual pilots. The channel gains may therefore, be esthat
Gaussian noise distributed with zero mean and correlatiomependently by rst ignoring the virtual pilots (divetg)
matrix , = 2ly. Since the transmitter encodes thand using blind estimation techniques. Blind techniqueshsu
pilots in two consecutive symbols, the receiver must alss the expectation-maximization (EM) algorithm, for exdanp
work in batches of two consecutive symbols. Therefore, théll converge to the ML solution if provided with a reasongabl
receiver of Fig. 1 contains a 2-state buffer. We considelose initial guess for the parameter to be estimated. The



cyclic encoder has a feedback structure and must somehaetorEy. Treatinglhk as the real channel, the ML estimate

be initiated at system start-up and also re-initiated atager of the dataSi is

time intervals to avoid error prorogation in time. To this

end, we de neK consecutive OFDM symbols in time as

one OFDM super-frame and we assume that the enco

insertsN, known pilots in the rst k = 1) OFDM symbol

of each super-frame. From the next symbol (and onwards), Ricn

cyclic data pilots (as described by the encoding algorithm i Sn = QUANTIZEy i ’ (8)
. . . . k;n

Section 11) are used as pilot symbols for channel estimation

Through this initialization, the EM channel estimation cawhereQUANTIZEy () is a mapping operation into the con-

be avoided at th&™ OFDM symbol. The receiver simply Stellation spacé/ . The decisions at the virtual pilots can now

initializes an EM algorithm at virtual pilots of thgk + 1)1 serve as an initial guess for the EM algorithm conducted on

symbol using a decision-directed MMSE channel estimatidfik+1 -

(and interpolation) attained at tth& symbol described below.

B =argmin jjRc SR jj? )
S2M

(EFsring (7), the ML hard-decisions are giv?n by

D. Expectation-Maximization at Virtual Pilots

The EM algorithm [8], [9] is an iterative method to nd
C. MMSE Channel Estimation at Known Pilots the ML estimates of parameters in the presence of unobserved

As is the case in decision-directed channel estimation, Wata. The idea behind the algorithm is to augment the obderve
can treat a sub-set of hard decisiondRRp as known p||0t§ data with latent data, which can be either missing data or
Interestingly, the virtual pilot locations d® with regard to Parameter values, so that the likelihood function condeét
its previous symbol oR 1 can be used to initiate the EMON the data and the latent data has a form that is easy to

algorithm atk + 1. The received signal at these locations ig1anipulate. The algorithm can be broken down into two steps:
given by the E-step and the M-step. Similar to (3) we have

R 1= g™ tEMc iy 4 ™ 1 (3) RiGY" = SEY FM iy + nifly" ©)

where we have again adopted superscript notagiof)x 1 To use the EM algorithm at the virtual pilots we de ne
to denote points located only at the virtual pilot locatiamfs (Omitting notation) the complete data set as consistindhef t
Ry 1 andF(M™)x 1 js a subset of th&l N DFT matrix incomplete data = Rﬁ'l“l)k together with the fading channel
consisting of the rstL columns and rows given b§n,)x 1. H = H(k'lvl)k, i.,e.x =(r;H). Then the log-likelihood of the

The minimum-mean-square-error (MMSE) estimatehgfat complete data set is

the virtual pilots is

logp(xjs) = kr SHK+ (10)
HﬁnV)k "= R oRR R(an)k ' (4) = 2Rfr SHg+
where, omitting the superscript notationg = EfhR g= where =“terms not depending orS”. Hence the E-step

mF S, & =EfRR g=SF mF S + 2I, and computes the following quantity:
2 = 1=SNRis the noise power. Thus the frequency domain n 0
E Rfr SHgjr;S®) (11)

estimation is Q sjsi) =
n n 00
|h(kHV)k ' = FQF (S(knv)k o) R(knv)k 1 (5) = R r SE er;S(])
For MPSK modulation and equi-spaced pilots: Note from this result thaE Hjr;SU) is by de nition the
h 2 1 1 1 MMSE estimate of the fading channél given some data
Q = hh n (F F) + hh (F F) (6) S= S(l) Using (5)

1.

n [0}
= o oAlL+tNp RO = E Hjr:s) = FOF s (12)

It is a straightforward to show that this estimator is als
the MAP estimator of the fading channel lat Given this
channel estimate, the entire channelkatan be derived by
interpolation. We will denote the resulting channel g, Si*D = argmaxR Sltl(j) (13)
Wherelhk = INTERP(IL'I(kn”)k 'Y= Hy + Ey for some error S2M

arg min jjr  sRYjj2
S2M

\(R/hereQ is de ned in (6) andj is the iteration. The M-step
is simply the maximization of (12)

1A consequence of this approach is error propagation as 4t resu
sequential erroneous detection at the receiver see e.@3.Fignce the OFDM
symbols in one super-frame will, on average, experienderdift symbol error  which is the simple ML detector we had before. We

rates. The length of the super-frant€, subsequently depends on the users;mmarize the EM-based section of the receiver as follows
speci ¢ quality-of-service (QoS) desired.

2Note that fork = 1 these pilot are truly known pilots and not data-aidech]:
pilots.



i) Initialization: using (8) obtain the hard-decisions latat
the virtual pilot locations. Call thi§® . .

=
1
[

ii) lteration: for j = 1;2;3;:::;1 or until
jjllil(k‘j1 Ilil(k’+11)jj§< iterate the following E and M
steps (wheré is the number of EM iterations).

Kt

E-step: Computel () according to (12).

M-step: ComputeSU*1) according to (13). 10

E. Optimum Combining at Virtual Pilots

Average SER

After the EM algorithm has terminated, we can emplo
MRC diversity combining at the virtual pilots as

10"

n [0)
Zge = diag (HE*) R™*  (4)

AFINCHINR TS
+ diag (Hp1™)  Rir”

. (ny) . . 10'.3 L 1 1 ! 1 ! !
Using theN, 1vectorz,,=¢ ;, ML detection is performed 5 0 5 10 SNRl(SdB) 20 25

and the decisions at the virtual pilots are improved. The
decisions are augmented to the known pilot locatioris ahd

MMSE_ channel estimation, f(_)llowed by !nterpo!atlon andlna,:ig. 3. Average SER performance of PSACE and the proposetrsys
detection are performed &t Finally the virtual pilots ok are with N, = 2L pilots, N = 64 sub-carriersL = 4 channel length,
agged as known p||ots fok + 1 to be used when the next:.( = 5;.(1 |I( ) K 1) OFDM frame length and BPSK modulation (with
OFDM symbol,Rk+2 , is received and the entire process jdnear interpo ation).

repeated.

IIl. NUMERICAL RESULTS 10° : ‘ ‘ ‘ . ;

We simulated the proposed OFDM system of Fig. 1 alor
with conventional PSACE-OFDM for the same pilot overhear
i.e. Np. Since the cyclic encoder (see Fig. 2) uses a decisi
directed approach in encoding the pilot symbols, it must t
initiated at the start of the OFDM super-frame.

Fig. 3 and Fig. 4 show the average SER performance
the proposed system and PSACE-OFDM wi = 2L and
Np = 4L, respectively. The proposed system is simulated wi
a super-frame size oK = 5 symbols. At high signal-to-
noise ratios (SNR), we note nearly a ten fold decrease in t
saturated error oors compared to normal PSACE for bot
cases. Interestingly, by comparing these gures we obser
that even though thdl, = 4L case has more (virtual) pilots
in each OFDM symbol and hence a higher degree of ert
prorogation, the error prorogation is less prominent is tiase

Average SER

Proposed¥*,

as indicated by the tighter SER curves of Fig. 4. This can | .
justi ed by the fact that linear interpolation at the begimgp 10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ¥
of the super-framek(= 1) is more accurate as a result of truly c 05 M0 R X 2B 0
known pilots which leads to less error at the early stages

detection.

Fig. 5 further shows the average number of EM iterationsg. 4. Average SER performance of PSACE and the proposetgnsys
for a global tolerance level of = 10 © for variousNp. The With Np = 4L pilots, N = 64 sub-carriersL = 4 channel length,

. . . . K =51 k K 1) OFDM frame length and BPSK modulation (with
tolerance is reached with under 3 iterations even at very IQp., interpolation).
SNRs.
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Fig. 5. Average number of EM iterations (unquantized) tcchea tolerance
of =10 5 for proposed system with varioldp. N = 64 sub-carriers, a
channel length of. =4 and BPSK modulation with linear interpolation.

IV. CONCLUSION

[8] T. Moon, “The expectation-maximization algorithmEEE Signal Pro-
cessing Magazinevol. 13, no. 6, pp. 47-60, 1996.
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Maximization Solution to Interpolated OFDM Systems,” Btoc. |IEEE
Canadian Conference on Electrical and Computer Enginggr007.

We presented an OFDM transceiver model for improving

PSACE-OFDM without increasing the number of pilot sym

bols. The design is based on the introduction of controlled

time diversity in the pilot symbol allocation with a decisio
directed approach. By effectively doubling the number of p
lots compared to PSACE, the proposed system shows as m

i
uch

as a ten fold improvement in SER performance using simple

linear interpolation. Such an improvement was achieveti wi
as few as 3 EM iterations per pilot symbol sub-carrier for
wide range of SNRs.
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