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Abstract— Applying multiple input multiple output (MIMO) and received data for all antennas on subcatkief OFDM
technique to OFDM-based wireless local area networks (WLAN)  symbol r respectively, wherd) < k < N — 1 and 0 <
promises impressive high capacity and spectral efficiencyoen- " - p _ | with N and B denoﬁng the number of OFDM

pared with conventional systems. However, similar to SISO- . . .
OFDM, MIMO-OFDM suffers significant performance degrada- subcarriers and OFDM symbols block size respectively. idenc

tion due to the presence of phase noise. the general form of MIMO-OFDM process can be summarized
Many methods have been developed to mitigate phase noise foras
a single antenna system with perfect channel estimation, venreas yr(k) = H(k)x, (k) + n(k) (1)

none has been proposed for correlated MIMO-OFDM scenarios.
Therefore, in this letter, by using the phase noise correlaon whereH(k) is an Mg x My matrix with element{ H;,(k)}

function, a new phase noise mitigation scheme is proposedrfo denotes the channel frequency response betytretransmit
the general Mr x Mr MIMO WLANs system with channel  gnianna andth receive antenna. We assume as is customarily

estimation errors. Numerical results show that, compared \ith d that th timated ch | . weant
conventional approaches, the proposed scheme achievesngiig oné thatthe estimated channel response remains congeant o

cant performance gain with high spectral efficiency, requiing few the OFDM symbols block (i.e., quasistatic fading)k) is an
pilots, and is robust to spatial correlation and channel esmation Mg x 1 vector denotes the noise samples for all antennas on
errors, which makes it very attractive for practical applications. suybcarrierk which are zero-mean AWGN with the variance

Index Terms— Phase Noise, WLANs, MIMO, OFDM, MMSE 2.

IIl. PHASE NOISE MITIGATION
l. INTRODUCTION A. The Effects of Phase Noise

The combined MIMO-OEDM scheme has an advanta eThe term phase noise is widely used for describing short
over conventional SISO systems for its much improved systgjﬁ{m random frequency fluctuations of a signal. It is caused b

capacity [1] or BER performance [2] introduced by the MM oth tran_smltter and re.ce|ver qscnlators and_ can be dsstri
technique, and its robustness to channel frequency setgcti as a continuous Brownian motion process with zero mean and

due to the OFDM technique. However, similar to Slsoyariance2wﬁt, where 3 denotes the phase noise linewidth

OFDM [3], MIMO-OFDM is also very sensitive to phase[:f’]' In-a MIMO system, for cost reasons, one might use a
noise. Various phase noise correction methods were prdpo§l¢pg|e o_scnlator tq support multiple an_t.ennas, and hehee t
for single -antenna systems [4], [5] with perfect chann&XPression of (1) is subsequently modified to

estimation, but nothing has been suggested for the cogcklat v (k) = H(k)x,(k)c-(0) + 1, (k) 2
multi-antenna case. In this letter, we proposed a new phase N1

noise mitigation method for the generdly x Mjy, spatially Wheren:(k) = 2 n=0,n H(n)xr(n)er(n — k) + n(k) and

N— i2mkn - ” . .
correlated MIMO WLANSs with channel estimation errors. ¢-(n) = =& Sy e/2mntier(0) with ¢, (k) denoting the
phase noise ikth sample of-th OFDM symbol. The variance

of ¢,.(k) is given by 2x5Tk/N, where 3 and T' denote
] 'l. MIMO-OFDM S\_(STEM MopEL the pﬁa)se noise linewidth a{Id the OFDM symbol duration
Consider a frequency selective MIMO channel witlir  yegpectively [4]. It is noticed from (2) that the phase noise
transmit antennasMp receive antennas. By using CyCliceffect comprises a common phase error (CPE), indicated by
Prefix (CP) in the data sequence, the time domain linear ), which causes the rotation of the desired signals, and the
convolution with the channel response is turned into théi©€ycintercarrier interference (ICl), depicted by the seconante
convolution. Letx,(k) = [a;(k), 22(k), ...,z (k)]" and which causes interference on the desired signals. Wherephas
yr(k) = [yr(k), y7(k), ... y}7 (k)]" denote the transmitted ngjse is small, CPE accounts for over 90% of the phase noise
Manuscript received July 12, 2005. The associated editordimating the gnergy Whll? IClis re.latlvely small [4], therefore Our appch
review of this letter and approving it for publication was. Bhilippe Ciblat. N the following sections will focus on CPE reduction only.
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wherew(i)'s denote mutually independent Gaussian random |  cgimaton U, (k)
variables with zero mean and varianeg = 2737 /N, and  geceveq oFom —2iotsubearers)
N, denotes the length of CP. Hence, the correlation functigfi™e o™ ______
of the phase noise effect on OFDM symbal&- (%) is given — > estmaion (PR,
by (for m Z n) (null subcarriers)
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o=
(m—n)(N+Ng)+i—k
- H P(vplo,=1) (4 As the statistic ofH(n)x,(n) remains constant within one

=t block, and phase noise effect is highly correlaf®d, doesn't

whereW (v,) denotes the characteristic function of the randohange much during the preamble and can be used as statistic
Gaussian variable:(p). It is straightforward to show that information ofn, (k) within the coherent block size.
2

(v, = F [ej”P“(p)] = e 2" = ¢ ™Tvw/N hence (4)
can be further simplified for arbitrary, andn as C. Phase Noise Mitigation (PNM) Scheme
E [ejqu(i)equbn(k)} — o~ ATIm=n)(N+No)+i=KI/N  (5) Channel coefficients require constant tracking to combat
' phase drift after the estimation during the preamble. This i

We can evaluate (5) for some typical values: in IEEE802.112ided by inserting known pilot symbols at fixed or variable
N = 64, N, = 16, for 2787 = 0.01 [4], i = k, m —n = subcarrier positions. Rewriting (2) for pilot signals (thiot

10 and 110, the correlation value equals9394 and 0.5028 set for each antenna is assumed tokpe= {k1, ka, ..., kp}),
respectively. DefinéB¢ as the coherent block size, i.@,,(i) We have

and ¢, (k) are considered uncorrelated (correlation less than - .

. . . . rki:rkir rkia 1<:< 7
0.5) if |m —n| > Be, thereforeBo = 110 in this scenario. yr(ki) = sp(ki)vr + 1, (ki) isp ()
Therefore, we can conclude that the phase noise eff&et?), where
is highly correlated within a small block in WLANS, as is its
linear combinatiorc,.(0). sr (ki) = H(ki)xr (ki)eo(0) ~ Uo (ki) xr (ki) 8)

and 0)
B. Estimation of Channel Response and Correlation Uy = @

: ©)
co(0
For IEEE802.11a [6], there are two kinds of packetsl' he ch i all _0(; ) d intuitivel
preamble and data. Preamble consists of 10 short symbélé e channel is spatially independent, Intuitively, wenca

and 2 long symbols which are used for channel estimatio?'}Dply the traditional phase noise mitigation method to the

synchronization and frequency offset. Many channel estim@'rent scenario, since a MIMO channel can be easily decom-

tion methods for the MIMO-OFDM have been proposed in t osed to a set of parallel SISO channels. However, in pgctic
literature. Since the preamble signals are also contastdriat the MIMO channel is always correlated, which indicates that
phase noise, by using the most commonly used least squameesla of each receive antenna is also correlated. Thezefor

(LS) solution, channel estimates can be obtaine@ag:) — E Wou_ld be more adequate _to con_5|der the corrglatlo_n of
— (k) in our algorithm. To estimate,. in (7), we use in this

. T,
H(k)co(0), 0 < k sN-1 (where W'thpm loss of generality letter a minimal mean square error (MMSE) based scheme,
we assumer = 0 in the preamble (Fig. 1a)). Furthermore, . o i I 2

the correlation of ICI plus noise term in (2) can be estimaté’&h'(?h minimizes the cost fun(.:tl.onE H”_T = wiyp (k)| _

by the null subcarriers in short symbols of the preamble (tf finding an appropriate coefficiemt. With some algebraic
feasibility of the usage of such subcarriers for estimaiion Manipulations, it is readily shown that the optimal coeéfiti
OFDM system has been discussed in [4]). Recalling that i 9iven by

IEEE802.11a_there are 80 null subcarriers (not includirgy th W — (ST(ki)Sf(ki)Rr/Ev)_lsr(ki) (10)
guard band) in short symbols of the preamble, we assume

Kg = {k" k5", ...k} (I < m < M) denotes the null whereE, denotes the average energy:«f andR, denotes
subcarriers set in each short symbol, whéJedenotes the the correlation matrix ofi,(k;). Since phase noise is highly
number of null subcarriers in one short symbol ddddenotes correlated in a small blocks, ~ 1, R, = R, (whose estimate
the number of short symbols. Hence, the correlation mafrix was found in (6)). A, is invariant within an OFDM symbol

(k) in (2) can be estimated as (Fig. 1a), [3], and if several pilots are available within a symbol,ritigy
o using the estimate dR,, the MMSE estimate of,. is given
~ 1 b
Ro= 375 2. 2 Ym(K)yii(k). @ >
e U= D s (k) (se(ka)sy (k) + Ro) yn (k). (1)

~ p
Note that we dropped the index k froRy, since the spatial ki€ky

correlation information is the same for each subcarrier andWhen the block sizeB is larger thanBc, the original
the variance of each elementify (k) is almost identical [4]. estimateR, in (11) can be replaced bR,,, wherem =
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Fig. 2. SFBC, 2 transmit antennas and 2 receive antera®] = 10-2, Fig. 3. MMSE V-BLAST, 8 transmit antennas and 12 receive rams,
p=4, 16QAM 278T = 10~2, p=4, QPSK

|r/Be| - Be (|-] denotes the floor operation), which isand R, respectively, where both follow Jake’'s model. It is
obtained by applying (6) on null subcarriers in guard barfdrther assumed that both ends are independent from each
of each OFDM symbols in WLANS [4] (Fig. 1b) . One mayother, which allows one to write for th®® = R{ ® R,
argue that such an estimation is not as accurate as (6) sifg¥ariance matrix, where denotes Kronecker product affd
there are only 12 null subcarriers used as guard band in ¢ihotes the transpose. In the simulation, the receive maten
symbol in IEEE802.11a. However, since phase noise is higtipacing at the base station is uniformly setXaswhere A
correlated, the estimate &,,, can also be averaged by nulldenotes the carrier wavelength. For different correlaéoels,
subcarriers in guard band @ symbols previous to symbol the transmit antenna spacing is set to0b\, 0.41 and0.3A

~

m respectively. As shown in Fig. 3, sind®,,, captures the cor-

Combining Uy (k) obtained during the preamble (Fig. 1ayelation information of ICI, which helps combat performanc
and ¢, obtained from (11), the current channel estimat®ss due to channel correlation, the PNM approach works well
U, (k) = U(k)d, = H(/k)\cr(()) eliminates the channel for @ V-BLAST system with a spatially correlated channel and
estimation errorc(0) and is ready to be used for variouutperforms the LS scheme especially when the correlasion i
applications, such as space-frequency block coding (SFB@Qh-

[2] or in V-BLAST [1], which are both shown in next section.
V. CONCLUSIONS

IV. NUMERICAL RESULTS Phase noise causes severe performance degradation in
IMO WLANS systems. In this letter, we first present the cor-
fation function of the phase noise effect in OFDM systems,
and then proposed a suitable phase noise mitigation sctegme f
any Mr x Mz MIMO WLANS system with channel estimation
error and spatial correlation. It depicts better perforogan
than the traditional method, and shows robustness to $patia

orrelation and SNR levels. Hence it can be used in various
chpIications, such as V-BLAST and SFBC.

Simulations are carried out for the IEEE 802.11a standar
with N = 64, Ny, = 16, p = 4 in each OFDM symbol.
Assume B = 500, and the length of cyclic prefix is larger
than channel delay spread.

A spatially independent channel with SFBGs imple-
mented in Fig. 2 to facilitate a fair comparison with traoiital
SISO methods. One can see that with no correction, even
a small phase noise variance of—2, there is an apparent
error floor, which can not be tolerated. On the other hand, REFERENCES
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