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A Phase Noise Suppression Algorithm for
OFDM-Based WLANs
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Abstract—Orthogonal ~ frequency-division — multiplexing ~ while &,,(n) is the AWGN noise with variance?. After re-
(OFDM) has beﬁn_ Spe?lflehd Ey IEEE 8|02-1|1a Sltandafd as Lhe moving the cyclic prefix and taking the DFT, the resulting fre-
transmission technique for high-rate wireless local area networks . . e
(WLANSs). Performance of an OFDM system, however, is heavily quency-domain signal is given by
degraded by random Wiener phase noise, which causes both
common phase error (CPE) and inter-carrier interference (IClI). _

To mitigate this problem, a new phase-noise suppression (PNS) aI-Rm(k) X (k) Hon ()L, (0)

gorithm is proposed in this letter to efficiently eliminate the effect N/2—-1
of phase noise on OFDM based WLANs. Numerical results are + Z X (OHp (D)L (I = k) 4+ Gn(k)  (2)
presented to illustrate the effectiveness of the proposed algorithm. 1=—N/2

I#k
Index Terms—EEE 80211a standard, orthogonal frequency-di-

vision multiplexing (OFDM), phase noise, wireless local area net- ) ) . i _
work (WLAN), whereXm(k),'Hm(k) anq ¢m(k) are the corresponding fre
quency domain expressions ©f,(n), A, (n) and&,,(n) re-
spectively.l,,,(4) is a function ofp,,, (n) given by
I. INTRODUCTION

O RTHOGONAL frequency-division multiplexing | N oo N N
(OFDM) is a bandwidth efficient transmission tech-In(i) = & D edrmmiNeiemn), ==y oL
nigue which easily handles time dispersion of channel. It has n=—N/2

been adopted by IEEE 802.11a standard as the transmission 3)

technique for high-rate wireless local area networks (WLAN§OM (2), we notice that random phase noise not only causes
[1]. The data packet of IEEE 802.11a standard consists @mmon phase error (CPE), i.e., the phase rotation of the de-
two parts: the preamble and the data. The preamble inclugired sample, but also introduces inter-carrier interference (ICl).
short and long pilots which are used, e.g., for synchronizatiohjerefore, it degrades receiver performance.

frequency offset and channel estimation. Pilot-aided OFDM For IEEE 802.11a standard, there are (64 = 64) sam-
channel estimation can be found in [2]. Frequency offset cd?les per symbol, including data sample Sgt with Np = 48
rections have been presented in many papers [3], [4]. Howeg@Mmples, pilot sample sét> with Np = 4 samples and null
Wiener phase noise, whose effect has also been examine§afiple sef with Ny = 12 samples. An accurate channel es-
[5], proves to be a much more complex phenomenon than fténate can be obtained using pilot preambles of the data packet
guency offset. This paper proposes, what is termed phase-ndf@eWhich can be further improved using two consecutive pi-

suppression (PNS) algorithm to eliminate the effect of thl§ts with channel invariant during a packet period. In this paper,
noise. we assume that channel frequency response is known within the

whole packet.
Il. PROBLEM FORMULATION The ICI, indicated by the second term in (2), is a random

variable which is independent gf, (k). X, (k) can be treated

Assume perfect frequency and timing synchronization, i.¢,s mytyally independent random variables independent of
we only take phase noise into consideration. The receited H.,,(k) with zero mean and varianck,. Therefore, the ICI

sample of thenth OFDM symbol can be expressed by term in (2) has a zero mean. By choosing the appropriate
() = Zm (1) @ hum(n) - eiem(n) 4 Em(n) 1) exponential power delzay profile [2, Appendix A], the channel
_ _ correlationE ||H,,(k)|”| is equal to 1. Furthermore, with the
wherez,, (n), hm(n) andpm (n) denote the transmitted signal.same method of [2], it can be shown that, for any power delay

the channel-impulse response and the phase noise, respectiw%les’E |Hm(k)|2 is constant which is independent jof

Hence, without loss of generality, we take throughout this paper
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wheref is the one-sided 3-dB linewidth of the Lorentzian powethe final estimate of,,,(0). For 802.11a standard, e.g., we can

density spectrum of the free running carrier generator ‘lBEndtake advantage of 4 pilot samples within a symbol, at position

indicates the symbol period. —21,—7,7 and 21 [1]. The least-squares (LS) method is applied
From (4) and the aforementioned discussion, we can get tioeminimize the cost function

approximation of the variance of the ICI term )
min Y Ry (k) = I (0) X (k) Hy (k)] (10)

2 I (0)
N/2-1 kESp
E || > Xp(Hpn()In(l - k) which leads to the estimate
Tt S Ron(k) X5, (k) H, ()
N/2—1 = keSp
1,(0) = (11)
= 3 B[IXn®P] B [[Ha O] B [ - 0] S X (k) Ho (K)]
I=—N/2 keSp
I#k
N T(N — N E, One may argue that (11) may not be accurate with so few num-
= 2nBT (N — Ny) (3N) " ) pers of pilot symbols. However, we can first use (11) to estimate
_ I,,(0); and, after equalization and detection, decision feedback
Thus we can write (2) as is used for further enhancement of the performance of (11) by
Rin(k) = X (k) Hon (k) L1 (0) + €1 () 6 M9
7 T _ 7!
wheree,, (k), the summation of the noise and ICI terms, is a In(0) = YT (0) + (1 = 7)1, (0) (12)

random variable with zero mean and varian¢ém, k). With where~ is the forgetting factor’, (0) takes the same form of
approximation in (5), we note that (m, k) keeps the same for (11) except that the observations are replaced by the detection
Vk € Sp and can be approximated by (m). We also notice results of the data sample s&b.
thato?(m, k) can be different fok: € Sy, i.e., for the null sub-  gefore implementing the MMSE equalizer of (8), we have to
carriers which acts as the guard band, since the analog bandpassy the ICI plus noise energy?(m). Using (5), the ICI energy
fI|FeI’. before RF dowr_l conversion will color the AWGN NOIS&thys the ICI plus noise energy (m)) is approximated as being
within these subcarriers, but would hardly affect the ICI terfhe same for different subcarriers, but difficult to be obtained in
caused by phase noise within these subcarriers. This is bec tice since we don’t know ando?. The question is then
phase noise occurs mainly due to the receiver oscillator a_ftera%lﬁ‘%gther it is possible to estimate from null subcarriers the part
down conversion, rather than that caused by the transmitter ggte || plus noise energy corresponding to data subcarriers.
cillator. o _ First, the approximation of the ICI energy, derived in (5), is in-
By using the MMSE equalization, the transmitted data safjgpendent of. Second, in spite of the colored noise due to the
ples can be estimated by analog bandpass filter, for sufficiently high signal-to-noise ratio
5 . " (SNR) level, the ICI term at the null subcarriers is dominant over
Xom(k) = Bom (k) Cin (k) (7) the noise. Therefore, despite the existence of the colored noise,
whereC,, (k) is obtained by the MMSE criterion as follows: the estimation of I_CI plus noise energy of nl_JII subcarriers can
be used to approximate that of data subcarriers and hence used
Con () = I, (0)H7, (k) (8) inthe MMSE equalizer of (8).
" L (0)H o (K)|* + @ By evaluating the energy of those null samples, we can get an
’ estimate ofr2(m) by
where(-)* represents the conjugate operation. In the absence of

phase noise, the MMSE equalizer for OFDM receiver can be 62(m) = 1 Z |Rm(k~)|2 (13)
further reduced to Ny kESy
C(k) = H., (k) _ 9) but not without some estimation errors that may affect the al-
|Hm(k~)|2 + E— gorithm performance. This will be checked by comparing the
' analytical results with those obtained through computer simula-
tion.
IIl. PHASE NOISE SUPPRESSIONPNS) AL.GORITHM Based on the discussion above, the proposed post-FFT PNS

In order to implement (8), we have to knaiy, (0) ands2  algorithm is described by the following steps.
first. Itis very clear from (3) that, although, (0) changes from 1) Obtain the estimaté,, (0) of CPE by (11) as well as the
symbol to symbol, it is the same for all the samples of symbol  estimates?(m) of ICI plus noise energy by (13).
m and thus can be estimated by using pilot symbols [6]. Note 2) Use (8) to calculate the equalizer coefficientsfbsam-
that in [6], the phase of,,,(0) was estimated separately from ples of each symbol, where the unknown parameters are
each pilot sample and averaged to get the final estimate, which  replaced by the estimated values from step 1.
is then used for CPE compensation. To avoid extra computation3) Use (7) to get the estimated signals for data detection.
for obtaining the phase df,,(0), instead of its phase, we di- Decision feedback is used to update the estimalg, ()
rectly estimatd,,,(0) from each sample and use them to obtain by implementing (12).
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Fig. 1. PNS algorithm performance for 16 QAM, with phase noise energyg 2  pPNS algorithm, symbol error probability versus phase noise energy
47 8T equal to 0.0384 rad 47 3T,

4) Go through steps 1-3 until all symbols have been pro- ] ) _
cessed. conditions. It is well known that the variance of phase noise

To judge on the computational complexity of the proposed uzéjally much less than 1 rador 41 is muc2h less than
algorithm, we note that, compared with the conventional MMSEd)- From Fig. 2, if 45T is of the order of 10 or lower,
equalizer of (10), the PNS algorithm is quite cost effective H§1§ performance is quite comparable with that of nonphase-noise
requiring onlyl +2(Np+Np)/N extracomplex multiplication ¢@S€:
per sample (subcarrier).

V. CONCLUSIONS

IV. NUMERICAL RESULTS In this letter, we proposed a new and simple PNS algo-

The PNS algorithm is evaluated for a normalized freithm specifically for IEEE 802.11a standard, which has an
guency-selective Rayleigh fading channel by Monte Carlmutstanding performance when dealing with phase noise. This
trials. Six multiple radio paths have been chosen for sinalgorithm takes advantage of pilot and null samples given in
ulation. Channel impulse response remains static withintlze IEEE 802.11a standard, as well as decision feedback and
frame containing 16 symbols, but varies independently frosuccessfully suppresses phase noise. It has been shown that this
frame to frame. Transmitted data is constructed accordingdtgorithm has much better performance than other algorithms
IEEE 802.11a WLAN standard in [1]. The receiver filter isvhile keeping computational complexity low. The algorithm
matched to the transmit filter defined in [1, clause 17.3.9.6.2Jan be further extended to any OFDM systems.
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