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ABSTRACT

Due to the preamble design for mixed-mode transmission of
802.11n, carrier-frequency offset (CFO) estimation errors (or
residual CFO) may cause significant errors in estimating the
high-throughput (HT) MIMO channel because of the time-
varying phase error as a result of residual CFO. In this paper,
we propose a joint residual CFO and channel estimation tech-
nique using HT preambles. We show that the proposed tech-
nique is robust against residual CFO. We also present a simple
technique for performing residual CFO estimation utilizing
the 802.11n cyclic structure of pilot patterns. We demonstrate
that with the proposed techniques, the performance loss due
to residual CFO can be essentially recovered.

Index Terms— Carrier frequency offset (CFO), channel
estimation, 802.11n, MIMO, OFDM

1. INTRODUCTION

The emerging 802.11n standard employs multi-input multi-
output orthogonal frequency division multiplexing (MIMO-
OFDM) transmission techniques to significantly increase the
throughput up to 288.9 Mbps in a 20 MHz bandwidth [1]. The
standard mandates a so-called mixed-mode high-throughput
(HT) transmission mode where the preambles for HT data
with the MIMO transmission technique are inserted follow-
ing the legacy (L) short training field (STF), long training field
(LTF) and signal field (SIG) preambles, as illustrated in Fig. 1
[1].

To ensure reliable communication with OFDM, carrier
frequency offset (CFO) must be estimated and compensated
for. Techniques for CFO estimation using L-STF and L-LTF
preambles have been well studied (e.g., [2] and [3]). For
most practical systems, autocorrelation-based techniques [3]
are employed to estimate CFO, due to its low complexity
and ease of implementation. However, in the low-to-medium
SNR region, the CFO estimation error (or residual CFO) is
not negligible.

For mixed-mode HT transmission, as shown in Fig. 1, the
time lag between L-LTF and the last HT-LTF is up to 32 us
with four HT-LTFs. HT-LTF preambles are used to estimate
the HT MIMO channel that is used in demodulating the HT
data. The CFO estimation error made while processing L-LTF
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Fig. 1. Preamble structure for mixed-mode transmissions [1].

may cause significant errors in HT channel estimation using
HT-LTFs, thus leading to substantial performance loss.

Since the packet may contain up to near 100 OFDM sym-
bols [1], it is also necessary to estimate and compensate for
residual CFO in the data demodulation process. Unlike the
fixed pilot pattern design in 802.11a, in 802.11n, the pilot
patterns for HT data are designed to shift cyclically from one
OFDM symbol to another. Thus existing residual CFO esti-
mation techniques for 802.11a are not applicable.

In this paper, we first propose a joint residual CFO and
channel estimation technique using HT preambles. We show
that the proposed technique is robust against residual CFO.
We then present a simple residual CFO estimation technique
that can fully utilize the new 802.11n pilot pattern design. We
demonstrate that with the proposed techniques, there is little
loss in performance. To our knowledge, there are no existing
publications on these two subjects for 802.11n.

In Section 2, we briefly discuss signal model. In Section
3, we present the proposed joint residual CFO and channel
estimation technique. In Section 4 we present residual CFO
estimation using cyclically varying pilots. In Section 5 we
discuss results.

2. SYSTEM MODEL

Due to space limitations, we will not elaborate on the 802.11n
physical layer except for those of concern to this paper. De-
tails on 802.11n can be found in [1]. During MIMO transmis-
sion, the coded user data is split into Ngs < 4 independent
spatial data streams. When space-time coding is employed,
these spatial streams are coded into Ngs < 4 space-time
streams (Ng;s > Ngg, with equality if no space-time coding
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is employed). After spatial mapping (or beamforming), the
space-time streams are transmitted with [V, transmit antennas.
We assume that there is a single oscillator in the receiver so
that the CFO is identical for all receive antennas. Further, the
packet preambles received at each receive antenna are pro-
cessed together so that the residual CFO is identical for all
receive antennas.

Denote the exact CFO in Hz by v. The time-varying phase
error is 2mrvt. With a sampling rate of JB samples per sec-
ond, the phase error is 2rvk/.J B, where B is the bandwidth
and J is the oversampling factor. Since B = NAB, where
N is the number of OFDM subcarriers and AB is the inter-
carrier spacing (AB =312.5 kHz in [1]), the phase error is
2w (v/AB)k/(JN). Define e = v/AB, which can be con-
sidered as the CFO in number of samples. Let € be the esti-
mated CFO using L-LTF or L-STF. Define residual CFO (the
estimation error) Ae = € — €. The phase error due to residual
CFO at time-sample k is 2w Aek/(J N), which varies in time.

Let K,, be the time-sample index of the first element in
the n-th OFDM symbol, skipping the cyclic prefix (CP). In
the presence of residual frequency-offset error, the received
signal for the m-th (0 < m < N) carrier and n-th OFDM
symbol at n,.-th (1 < n,. < N,) receive chain may be written
as

Nsts
Jj2rmAeK JN
Rmnn, = e /I dim,nsises Hmises,ne +Winnon,

ists=1

(D
where W, p .. is complex white Gaussian noise with vari-
ance Ny, and the equivalent channel H,, ;_,, », is a function
of the transmitter spatial mapping (or beamforming) matrix,
the transmitter cyclic-delay diversity value and the channel
impulse response. (1) is a general expression that is applica-
ble to any OFDM subcarrier in the HT portion of the packet.

In this paper we employ per-tone channel estimation, where

the MIMO channel for each subcarrier is estimated indepen-
dent of other subcarriers. The exact expression for Hyy, ;. .
is not of concern to this paper. The channel used in this study
is the IEEE indoor frequency-selective slow fading channel
model [4]. We assume that the channel undergoes little change
within the duration of one packet, which holds true for most
indoor scenarios [4].

3. JOINT RESIDUAL CFO AND CHANNEL
ESTIMATION

Let ng denote the index of the first OFDM symbol of the HT-
LTF preamble (ny = 9 for mixed-mode transmission). To ap-
ply (1), we replace K, by K, and replace dy, ng+k,i.., (0 <
k < Ngs)by Ly, P, 1, where Ly, is the known value for the
m-th subcarrier and P = Pyrrrp(l : Ngs, 1 @ Ngs), with
Pyrprr=1[1,-1,1,1;1,1,-1,1;1,1,1,-1; —1,1,1,1] be-
ing the HT-LTF mapping matrix defined in [1]. From (1),
combining all Ny, OFDM symbols corresponding to the HT-

sts

LTF portion of the preamble, we have
R=L,EP"H )

where the ¢-th element (0 < ¢ < Ngs—1) of RiS Ry ng+in,»
the i-th element (1 < 7 < Ny,) of H is H,y, 5 p,., and the i-
th diagonal entry (0 < ¢ < Ngs — 1) of the diagonal ma-
trix E is E;; = e/272Kno+:/(JN) = Notice that K, ,; =
Kyot+i—1+J(N+Ny), where N, is the length of the guard in-
terval without oversampling. Obviously, (2) contains N5+ 1
unknowns and N s equations.

Among possible ways to find Ae and H, such as MUSIC-
like [5] algorithms, we seek to utilize more information from
the received packet so that the number of equations can be
increased to solve (2), which yields optimal estimates. Here,
we use the HT-STF preambles to estimate Ae.

The HT-STF preamble occupies the (ng — 1)-th OFDM
symbol in the received packet. As stated in the standard [1],
HT-STF is designed for automatic gain control for the HT por-
tion of the packet. But its non-null subcarriers can certainly
be utilized for our purpose.

The received m-th carrier in the HT-STF preamble can
be written as Ry, pno_1., = €/2TAMKng=J(N¥N)D/N g .
vatt=1 Hyioyone + Winng—1,n,., where S, is the known
m-th element of the training sequence defined for the HT-STF
preamble. In [1], there are 12 non-null .S,,, for 20MHz and 24
for 40MHz.

We now have the same number of equations as the num-
ber of unknowns. Notice that since the residual CFO value is
identical for all carriers, we only need to choose /V,, non-null
carriers from HT-STF together with (2) to estimate Ae. Then
the channel can be easily estimated. To account for channel

noise, we seek to minimize C'(Ae¢) = ‘Tr [diag (*’:15)] -

2
K —JN—JN,
Rinng—1,np e—j27rAeA%n 4

S JN
MMSE/LS estimator.
Let P = P~T. For a non-null HT-STF carrier of index
m, we can rewrite C'(Ae€) as Ly, Ry no—1,n,./Sm = Vot
Nots s Nots ]BlkRm’nﬁk,l’me_j%AEk%, where the vari-
ance of W is Ngs + 1 times the variance of W in (1). If we
select IV,, non-null subcarriers from HT-STF, then

R=Gu+W 3)
where fgr 1 < i < N,, the i-th element of the length-V,,
vector R is Ly, R, no—1,n,./Sm;. the (i, k)-th element of
the N, X Ngts matrix Gj i, is (le\;{ ]5“) R, no+k,n,» and

up = e I2TAk(N+NG/N (1 < k < N, is the vector to
be estimated, containing the residual CFO Ae. Therefore, the
general expression of an estimate of v is

and we propose a simple

0= [G"G + (Nus + Y)NoI] ' GHR (@

Note that due to the definition of P, when Ny, = 2, P =
P/2, and Z,]i{ P, 2 = 0. Thus (4) can be simplified to QHE
where g is the first column of G.
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The optimal estimate of Ae is the one that minimizes
|lu(A€) — al|?. After simplifying d.J(A€)/dAe = 0, we have

Nsts

>k (Rlik] sin Oac e + Slitk] cos Oac k) =0 3)
k=1

where Oac , = 21 Ae(IN + Ng)k/N. (5) is a nonlinear equa-
tion, and there is no closed-form exact expression for its solu-
tions. Obviously, one can again apply the least squares fit as
an approximation. However, here we propose a polynomial
approximation approach.

Since Ae is normally much less than 0.1, 2rAek(N +
Ng)/N with k < 4 is small enough so that we can apply
Taylor series expansion of sine and cosine functions in (5) for
closed-form approximation.

For the first order approximation, using sin(x) ~ x and
cos(z) ~ 1, we have

1 NI
2m(1+ Ny /N) SNt 2R[ay]

Ae ~ (6)

For the second order approximation, using sin(xz) = x and
cos(x) ~ 1 — 2%/2, we have x = 27(1 + N, /N)Ae being a
solution of az? — bx — ¢ = 0, where a = 1 S04 k3S[ay,
b = SN k2R[ag], and ¢ = Yo% kS[ag). It is easy to
verify that the solution is x = b/(2a) — Vb2 + 4dac/(2a).

After A€ is obtained, for per-carrier independent MMSE
channel estimation, the HT MIMO channel for the m-th sub-
carrier can be computed as

N PN -1 .
b= (PEHEPT n NOI> PEYR/L,, (7
where (-)H denotes conjugate transpose.

4. RESIDUAL FREQUENCY-OFFSET ESTIMATION
FOR HT DATA FIELD

Although a residual CFO estimate can be obtained from the
HT channel estimation stage, simulations show that it is still
necessary to perform residual CFO estimation and correction
in the data demodulation process. This is because for long
packets, the residual CFO estimated in the channel estima-
tion stage may not be accurate enough to reduce to a negligi-
ble amount the time-varying phase shift due to the remaining
residual CFO, as will be demonstrated later.

To further increase the estimation accuracy, we do not im-
mediately correct ¢ with the estimated residual CFO A€ in
data demodulation so that the amount of residual CFO for
each OFDM symbol is fixed. As a result, averaging may
be performed to the estimated residual CFO before correc-
tion. For each data OFDM symbol, the final estimated resid-
ual CFO may be the (running) average of currently estimated
value and previously estimated ones from past OFDM sym-
bols.

Let ng be the number of preamble OFDM symbols pre-
ceding the data symbols in the mixed mode, Py, ., ;.,, be the
cyclic pilot value defined in Table n71 and n72 in [1] (not re-
peated here due to space limitations), and p,4, (z = 3 for
mixed mode) be the polarity defined in [1]. Applying (1)
with dp n iy = Prt2Pmon,i..., for a pilot carrier in the HT

data OFDM symbol, the received sji\%nal may be written as
— pJ2mAeK, /N

sts

Rm,an pnfnd+z Zistsil Pm,mistsHmmmists
+Wm,n,n7-'

Let L be the number of data OFDM symbols in the packet.
Let N, be the number of pilot carriers in the data OFDM sym-
bols. To utilize the cyclic structure of the pilots, we group
pilots in N, < NN,, consecutive OFDM data symbols together
starting from the first data OFDM symbol. Let the index of
the first OFDM symbol in the [-th groupben; > 0 (1 <[ <
[L/N.]). At the n,-th receive chain, for the I-th group, we
have _ .

R=Yv+ W ®)
where v, = €2 A K +EI(N+N)I/(IN) for ) < k < N,—1,
and for 0 < ¢ < N, — 1, W, = Zgial We(i)mi+k,n, and
R; = Zgio_l R¢(3),ni+k.n, With ¢(i) being the carrier index
of the ¢-th pilot subcarrier. For example, for 20 MHz, the pilot

carrier indices are ¢([0, 1,2, 3]) = [—21,—7,7,21] [1]. The
(i, k)-th entry of the N,, X N, matrix ¥ is
Nsts

(), = Prytkr= D Petymirkives Ho(@)iviam, (9
ists=1

. _ oy (Nsts)
where PC(’)»”L‘Hfﬂsts - ists,(ni+k+i)D

. Nots .
with Wi . defined in Table n71 (20 MHz, k, =

4) and n72 (40 MHz, k,, = 6) of [1]. For example, for N;s =
47 \Il4><4 = [17 1: 17 _17 1: 17 _17 17 17 _17 1) 1a _17 1) 17 1} [1]
The MMSE estimate of v for each receive chain is then

ky varies cyclically

o= [\IIH\II n NCNOI] ) (10

Similar to the previous section, one can again solve for
Ae by minimizing ||v(Ae) — 5|2, But since K,,, may be very
large, we can not directly apply polynomial approximations
of sine and cosine functions. Rather than solving the nonlin-
ear equation, for the [-th group of OFDM symbols, we can
simply approximate Ae as

. JN
Ac= ; 4K, + (k — DJ(N + Ny)]

o an

When space-time coding is employed, two OFDM sym-
bols are processed together. We can choose N, = 2 so that
the size of W is reduced to N, x 2, which allows further
simplification. As an example, for Ng; = 4 and 20 MHz
transmission, with the polarity p, 4+, removed in R, ¥, =
[Ac1, AC,Q]T. At each receive antenna, for the first data OFDM
symbol pair (¢ = 0), we have

Ac1 = [£T21,0E7217£T21,1E721§£T7,0ﬂ777£T7,1H 7}

Acp = [B;oﬂw E?,lﬂﬁ B§1,0£217B§1,1£21]’
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Fig. 2. (a) MSE per sample of estimated channel for first (6)
and second order approximation of the sine/cosine functions
at SNR per receive antenna of 20dB for 20MHz HT transmis-
sion. (b) Average channel estimation MSE at different SNR.

10”'| —¢— no residual CFO estimation

—— joint res CFO-H est, no res CFO track
—&— no joint res CFO-H est, res CFO track
joint res CFO-H est, res CFO track
10 =— perfect CFO est

»

5 . \ .
10 15 20 25 30
SNR per receive antenna

Fig. 3. BER performance of a space-time coded 4 x 2 system
with and without proposed residual CFO tracking techniques.

where (9) is rewritten as PL H < (i) For the next OFDM

s(i),n—ngq
symbol pair, due to cyclic shift of pilot values, we have

[B;oﬁ—21a B?,lﬂ—m ; Bgl,oﬂ—% BQTME—?]
[BZQLOEW Bz21,1ﬂ7; BT?,OEQM 237,1ﬂ21]-

A(1+1,1 =
Ac+1,2 -

As a result of further cyclic shifts, for the (¢ + 2)-th symbol
pair, Acyo1 = Aciand Acyo 2 = Ac o, and so on. Thus the
receiver only needs to keep track of four unique 2 x 2 matrices
for each packet per receive antenna, and the inverse operation
in (10) can be performed very efficiently.

5. RESULTS

The proposed techniques are simulated for a 802.11n space-
time coded system [1] over IEEE indoor frequency-selective
fading channel model ‘E’ [4] with four transmit and two re-
ceive antennas. The system has two spatial streams, each

modulated with 16-QAM. Rate 1/2 convolutional coding is
employed. OFDM is implemented with 800 ns guard interval
(Ng = N/4). The CFO is set to 31.25 kHz and is estimated
according to [3]. Per-carrier independent channel estimation
is employed as given in (7). Each packet contains 1000 byes
of data without beamforming.

Fig. 2(a) illustrates the performance of the proposed joint
residual CFO and channel estimation technique with the first
order (6) and the second order polynomial approximations
of the sine and cosine functions in (5) at SNR per receive
antenna of 20 dB. Fig. 2(b) compares their performances at
different SNR. Both the first and second order approxima-
tions yield about the same performance, with the second or-
der slightly better as expected. Fig. 2(a) indicates that with the
proposed joint estimation technique, the estimated channel is
immune to initial CFO estimation errors. Fig. 2(b) demon-
strates that the effect of residual CFO on channel estimation
can be substantially reduced.

Fig. 3 illustrates the BER performance of mixed-mode
transmission. “no residual CFO estimation” indicates that
only initial CFO ¢ estimation [3] is employed and the resid-
ual CFO Ac is not estimated afterwards, which leads a loss of
over 13 dB at BER = 103 compared with perfect ¢ estima-
tion indicated by “perfect CFO est”. “joint res CFO-H est, no
res CFO track” refers to applying the proposed joint Ae and
channel estimation technique, without estimating Ae in data
demodulation. The exact opposite case is given by “no joint
res CFO-H est, res CFO track”. The former improves over
the case without Ae estimation by around 5 dB, and the lat-
ter improves around only 2 dB due to incorrect channel esti-
mates. But either technique alone can not sufficiently remove
the degradation due to Ae. When both techniques are em-
ployed, the performance is given by “joint res CFO-H est, res
CFO track”, which effectively removes the defects due to Ae,
with a gain of over 12 dB. The remaining loss due to CFO is
suppressed to within 1 dB compared with perfect CFO esti-
mation. This figure suggests that both techniques are neces-
sary and very effective, and residual CFO must be estimated
and corrected for 802.11n MIMO-OFDM systems.

6. REFERENCES

[1] IEEE 802.11 working group, IEEEP802.11n/D0.02, Feb 2006.

[2] J. Li, G. Liu and G. B. Giannakis, “Carrier frequency offset
estimation for OFDM-based WLANSs,” IEEE Signal Proc. Let-
ters, vol 8, no 3, pp. 80-82, March 2001.

[3] J. Liu and J. Li, “Parameter estimation and error reduction for
OFDM-based WLANS,” IEEE Trans. Mobile Computing, vol
3, no 2, pp. 152-163, April-June 2004.

[4] IEEE 802.11 TGn channel model special committee, “TGn
Channel Models for IEEE 802.11 WLANS”, IEEE doc.: IEEE
802.11-03/940r4, May 2004.

[5]1 Q. Cheng, “Choice of root in root MUSIC for OFDM carrier
frequency offset estimation,” 2005 Asia-Pacific conference on
Commun., Perth, Australia, Oct 2005.

IIT - 260



