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ABSTRACT When considering the phase noise problem in the MIMO
environment withNr transmit andNgr receive antennas
with each antenna having independent circuitry for carrier
synthesis the task is extended to an estimation and compen-
sation of Ny N phase noise processes. Although the orig-
inal phase noise processes are spatially uncorrelated due to
the individual circuitry, it will be shown in this paper that the
tems with multiple transmit and receive antennas (MIMO) resulting processes as seen from the receiver are correlated
. : ; . in time and space. The easiest but suboptimum solution
and if multiple PLLs for carrier synthesis are used each of . "
the superposed phase noise processes per transmit and re based on the SISO approach [2] and neglects all spatial
%orrelatlons using the proposed Wiener filter for each noise

Phase locked loops (PLL) for RF carrier synthesis often em-
ploy oscillators that insert a considerable amount of time
varying phase noise into the received signal. That noise
must then be removed in digital basebandreceiver. This
phase noise is an indivisible superposition of noise com-
ponents from receiver and transmitter. Regarding to sys-

ceive antenna pair can be measured at the receiver. Thi : . X : ]
paper provides a new scheme for high SNR scenarios tha rocess. The refinement exploits the spatial noise correla

exploits spatial correlation between these overlaying phasec')??h:anntgii;'It%geesss'gg grrg (k:)?assséd%% tt?]?; ;gig:ggg ei?gtnagttzsof
noise processes at the receiver in order to improve estima- Il ob t_p t timat d ibed prl 7
tion and compensation of the phase noise. Therefore thed!, ODsefvations aector estimatoms gescribed €.9.1n [7]
Wiener filter approach is applied. and worked out for two antennas in [5] is obtained. The re-
duced estimation error can be used for increasing the pilot
1. INTRODUCTION spacing while maintaining the same overall estimation er-
Modern communication systems suffer — and will probably ror and respectively reducing the overall number of pilots.
always do — from impairments due to non-ideal RF front The higher losses due to aliasing can be traded off with
ends. Because of strict financial constraints, RF compo-an increased power efficiency of the transmission. Alter-
nents with non-ideal properties e.g. with nonlinearities and natively even cheaper analogue equipment that introduces
noise effects are used. Regarding to carrier frequency synimore phase noise in the system can be employed.
thesis RF oscillators used in phase locked loops (PLL) often  This remaining text is organized as follows: in Part 2 the
introduce a considerable amount of time varying phase al-underlying signal model and the correlations are explained.
terations into the SignaL This carrier Signa| is used for both, Part 3 deals with the derivation of the estimation filter from

converting the baseband signal in the transmitter to band-Wiener filter theory while in Part 4 the resulting estimation

pass range and, after transmission over the channel, in th&@rrors of the new estimation scheme are discussed and com-

receiver back to baseband. The inherent phase noise in th@ared with the standard temporal estimator. The paper is

carrier becomes a dominant source of signal distortion in concluded and summarized in Part 5.

several current broadband systems like e.g. in wireline and

satellite communications or directed microwave radio links. 2. PHASE NOISE IN MIMO SYSTEMS
The phase noise can be described by a time-varying ran ; ! : !

dom walk process with a limited bandwidth. Hence, by ex- anténnas and a receiver wit; receive antennas. Attime

ploiting noise correlation in time this random process can INStancek a transmit signal vectos;, of dimensionNr is

be estimated and compensated in the receiver. Good reSonveyed via a complex valuely x Nz channel matrix

sults have been obtained employing data aided (DA) esti-lgrk to the receiver which results in the received signal vec-

mation algorithms [1] that extract information on the phase _

variations from pilot signals inserted in the data stream. A T JR“’“_H’“JTJ”;’“S’“ T (_1)

linear minimum mean square error approach (LMMSE) of of dimensionNx. The diagonal matriced7 andJr with

an estimator for a broadband single carrier system usingdimensionsNr and N represent the transmitter respec-

Wiener filters is proposed in [2]. Most other literature is tively receiver phase noise effects. Their diagonal elements

concerned with the significantly different case of OFDM consist of a complex phasor of magnitude 1 with the phase

systems [4],[3]. qsf,g for the transmitter anqbff;gC for the receiver phase

*The work this paper is based on is partially financed by Nokia Net- noise. The nOISG. VeCtm’k‘ IS composgd ofVp uncorre'.
works GmbH, Disseldorf, Germany. lated white gaussian noise samples with the auto-covariance
TThese authors are with Nokia Networks GmbH, Germany. matrix Cp,n, = 021y, whereinly, is the unity matrix of

_The underlying system consists of a transmitter with




dimensionNg x Ng. Strictly speaking the AWGN is also ‘ ‘

rotated by the receiver phase noise but AWGN is invariant -40 — phase noise mask

to this phase rotation. -s0/- 1
Then, the signal at the:-th receive antenna can be ex- ool

pressed as
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i.e. each of theVr interfering transmitted signals is dis-
torted by the sum-process
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In principle theN;- N sum-processes can be estimated us- _ o e
ing Nt orthogonal pilot symbols. But the conclusion back Fig. 1. Typical example PSD of a PLL

on their original processes is not possible as the next para-

graph will show. If we gather these original phase noise (here as temporal mean thanks to ergodicity)oér equiva-
processes in one vector lently by its power spectral density (PSD). Thus, these phase
T (1) T (R ® \7 noise processes are characterized by their PSD given in so
br = (qﬁl;k s Dois e ONpar Pl - - ¢Nmk) (4)  called phase noise masks e.qg. like depicted for a devised but
representative characteristic in Fig. 1.

Although the original processes cannot be estimated their
occurrence in the different sum-processes can be exploited
in terms of their correlations. Presuming uncorrelated pro-
a matrix G interrelates the sum-processes to their original Cesses at receiver and transmitter, that means for a common

and the sum-processes in another vector

T
Pr= (@11;1«,- -~ P1INRg;k> P21;ks - - - P2NRsks - - - QDNTNR;IC)

counterparts: transmitter and receive antennas; andms:
or = Goy,. (6) (T) | +(R) \(.(T), /(R
The resulting NrNt) x (Ng + N7) matrix E{pminpman} = B {(¢n:k+¢m;k)(%;ﬁfi’mz;k)}
2
G = (INT ® ]‘NR 1y, ® INR) =F {ng:k) }+E {¢$§1 ¢£ri),k} (11)
= (91 g2 ... QNT+NR) Q)

o o withn € {1...Nr}andm;, € {1...Ng}. Forinde-
that can be divided into its column vectggshas not full  pendent phase noise processes i.e. independent PLLs at the
column rank due to the systematic nature of the matrix. receiver the second sum term vanishes.
Therein1; denotes a column vector of lengthwith one (1)2
entries and describes the Kronecker product of two ma- E{ominPmon} =FE {(bn } (12)
trices. The first column vectagy; can always be expressed

as the sum of the lag¥ column vectors minus the sum of A similar relation holds for signals from a common receive

the rest of the firstV; — 1 column vectors: antenna 2
g EA{omn, Pmn, } = E {(b'sr?) } . (13)
Nr+N, N- . . . L
. Pas\ ~ 8 Although the phase noise signal as such is not band-limited,
91 = Z 9o ~ Zg” ®) in this paper, aliasing effects will not be taken into account
v=Nr+1 v=2 in the derivation due to the limitations in space but the re-

Hence itis not possible to extract the proceﬁ%w from fsrtélésuglrfgy.comprlse degradation due to insufficient sampling

the sums: the pilot data based approach on estimating the

phase noise does not allow to conclude on the original pro- - 3. WIENERFILTER DESIGN .

cesses;bf:,g and ¢553c but on their SUM-process,,. A ggeavggin;réltl)tgér%gggoach applied to our example is b_ased
o ; . . ; . N$,..r of the phases,,,  in ra

plausible non-mathematical explanation for that is a miss- dians from which an estimatg, ,, x is computed’. For this

ing of a reference phase. . application in the high SNR region, an observation consists

__The phase noise itself is usually modelled as time con- ot the phase noise sum-process and additive noise that can

_tlntuoust_random walk process i.e. the process is given by theyg annroximated in the high SNR range as real valued white

integration Gaussian Nnois,,,,.;. with poweras?2 /2 (compare eq. (2)):

o(t) = / £(r)dr ©)

whereiné(7) can be assumed zero mean Gaussian. There- . :
fore the phase noise process) is completely described by £ temporal observations of one process at pilot rateare
its autocorrelation function then gathered in a column vectgy,,,. With the short cuts

00 L =|F/2]-Psand\ =1 Ps this vector becomes
re = / d(t)p(t + 7)dt (10)

Nhmn;k = arg ({rm;ksz;k) ~ Pmn;k + ﬁmn;k' (14)

T
777rm;)\:(77mn;/\—L Nmn;A\—L+Ps " " * nmn;)\—L-i-FPS) (15)



In order to gain the vectoy, of all observations these vec-  wherein\ = (ko—k1)- Ps describes the time offset between
torsm,n;» are stacked in order of columns before rows such two observations andflf/R) mirrors the partial correlation

that from transmitter or receiver side. For independent PLLs at
T T T T T the receiver the first summand and for independent transmit
11;A Nr1L;x T2 NrN7;X circuits the second one disappears. Hence also the special
) ) ) case of one common carrier synthesis for all antennas on
From the auto-covariance matrix of these observations one side is part of this derivation if the covarianags)
C. — 4 Can (17) adopt the same value of full correlation. According to [2]
nm T ey nn these covariances can be calculated from
and the cross-covariances,, between observations and (R/T) 1 [7 I
the estimated parameter, it is straight forward to design the Tap (A) = o Sap(w)e?“ dw (25)
respective Wiener filters corresponding to a symmetric, tem- -
poral observation window of length’. The Wiener-Hopf ~ The o and b herein represent some, 3 respectivelyy, &

equation is written e.g. according to [7] as from above and,;, represents the common spectrum of the
. respective noise processes.
w = C,, Che. (18) The cross-covariances for the interpolated estimate at

. . . time instancé for the sum-process of transmitterand re-
The aim of the following paragraph is to compute the re- .qivers in

spective covariance matrices. The auto-covariance matrix

i - i . _ T T T T
from (17) is found to have block-matrix structure : Chp.su= (le‘pwcmww;l. - Cory 1050 Cmaprsi ™
C”hl’]u Cﬂ117721 e C77117]NRNT T T T
n21M11 n2im21 T N217MNR Np NNR2P~s1 TN Ny P~ ) (26)
: : : can be similarly determined. The entries of the submatrices
C’rm: CUNRﬂhl CUNT17721 T CﬂNTlnNRNT . arise to (R) )
C77127711 C77127721 T C771277NRNT pl()\) = pa'y;l()\) + p55;1<)‘)~ (27)
: : : The partial terms are also obtained by integrating the re-
C. C. ...C ' spective overlapping components of their spectra wind
INRNp L= 1N R N 1121 INp N INRNT (19) b taken asy, 3, v, § according to the above case distinctions
For the partial auto-covariance matri@gs, ,,. , Wherea, y

1 (7 o\ el

p((lf;éT)(A) = ﬂ/ Sap(w)elre? 7S dw (28)
which is for independent circuits also zerodf# m or
respectivelyd # n. As described in [7] the mean square
error (MSE) of a LMMSE estimate is given by

€ [1,Ng] andg, § € [1, Nr| four cases are distinguished: .
(1.) o = vandg = ¢ (like for the single antenna phase
estimator)

2

Un
PapPas T 7 L (20)

Cnaﬁnaﬁ =C

Jmin = El{Jmin;l} = El{cgoga - wlTCULP} (29)

(2.) a # v andg = § (observation signal streams incor- whereL; is understood as the expectation with respect to
porating the same transmit oscillator) As pT) andr /) cannot be evaluated analytically with
C =C (21) reasonable effort the covariance matrices have been calcu-
lated with help of a computer and, thus, the MSE evaluation
(3.) a =~ andg # o (Observation signal streams incor- is only semi-analytically.
porating the same receive oscillator) The unknown channel phases from the channel matrix
C e (22) H from (1) still reside in the measured phasgs,.x- This
unknown phase alters the actual phase model significantly
as the observations also comprise channel phases that break
up the correlations:

NapN~3 PapP~ys:*

NapMNas PaBPas "

(4.) o # v and§ # § (Observation signal streams are
totally independent)

C (23) Nmn;k = Pmn;k + arg(hmn;k:) + ﬁmn;k (30)
) But this drawback can be circumvented if initial estimates
In the caseg, 3 and 4 the AWGN term disappears as the re- of all sum-processes e.g. from the conventional LMMSE

spective noise processes are spatially uncorrelated. Strictlyestimators are subtracted from the phase in (14):
speaking spatial independency only holds for pilot schemes

where, at one time instance, a signal is transmitted from one Mrnix = Mmnsx — Prmnso (31)
antenna and zeros from the others. For other employed or- . : ; )
thogonal pilot schemes this approach still serves as a goo _nd this subtracted offsef...,o is added again to the es

approximation. The respective covariance matrices are therimate that is computed from the abowg,, , afterwards.
composed of the covariances Therefore the employed estimator is resumed by

NapBN~s = CW@ﬁWvd .

~ o~ ~ —wl o A5
r() = i)+ ) (24) Pmnit = Pt G0 =00y + G- (32)



15 to 30 without loss in the MSE if this introduced MIMO
LMMSE estimator is used instead. Alternatively, the dia-
gram presents that this new estimator achieves theoretically
more than 3 dB gain for all pilot spacings ahg- = N =
8 antennas compared to the former estimator although sim-
ulations show 1 dB gain less for low pilot spacings.

AWGN scaled by the observation intervalis addition-
ally displayed as dash-dotted line serving as a lower bound

. indB

\min

)
w
(7]
369 — somianalicmseJ_PS=15 | === @= === Om ===~ O~ m =4 for low pilot spacing Wh;le for hlgher_ pilot spacing allt_';\s-
S || % smuaedMSEPSStS | ing plotted with dashed lines for the different pilot spacings
8 4o || — SemiananioMSE S, Ps=30 obviously dominates the estimation performance.

% O simulated MSE PS=30 Y N S — y R

5. CONCLUSION

This paper provides an enhanced Wiener filtering scheme
for the estimation of phase noise in high SNR scenarios.

s - s . L By exploiting the resulting spatial correlations of the phase
number of antennas (Tx & Rx) with N = N noise processes as seen from the receiver the estimation per-
Fig. 2. MSE in dB vs. the number of antennas formance in terms of the MSE of the phase estimates can be
determined semi-analytically and with simulations. Both
results show good conformance.

Beneath the correlations aliasing remains an important
issue as with multi-antenna systems the number of orthogo-
nal pilots is as high as the number of introduced data streams
which is upper bounded by the number of transmit antennas.

The additional effort for the enhanced estimator com-

=0~ aliasing bound for PS=30

— semi-analytic MSE J ,, PS=22
O simulated MSE PS=22

=0~ aliasing bound fgr PS=22

+ =+ scaled AWGN 5,,”:

1 2
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o
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4. RESULTS

This section discusses the behavior of the enhanced esti
mator with respect to a MIMO scenario. The results are
restricted to the case of an equal nhumber of transmit and

receive antennas although the theory holds for other con—pared to the simple SISO estimator is given by the number

figurations. Phase noise according to the mask in Fig. 1 . .
S ; ; e of observations used (optima Ng). Onthe one hand
has been generated by filtering white gaussian noise in theror each estimate of(apsum-lgcT)gesg)a filter bank for each

frequency domain using the overlap save technique. The re- ) i o o
sulting PSD of the noise is also presented in the same figure 9°Served sum-process is used: ovendfl N7 filter banks

As the filters are dimensioned for the desi&R — 25 dB, are used but some filter outputs can be reused. But on the
the simulations operate at the same ratio. The phase obseRther hand the sets of coefficients that need to be stored re-

vations have been unwrapped before the estimation in ordefTain limited: the association of a filter bank to an observed
to avoid the phase ambiguity . sum-process is just permuted for each sum-process to be es-

. . i timated. Thus with the advance in processing speed of new
Mb

The required data rate is chosen to/e= 155.52%2% hardware the additional complexity will be easy to handle.

according to the STM-1 specification in the SDH standard.
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