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We discuss the asymptotic Cramer-Rao bound (CRB) for frequency estimation in the presence of multiplicative noise. To improve
numerical stability, covariance matrix tapering is employed when the covariance matrix of the signal is singular at high SNR. It is
shown that the periodogram-based CRB is a special case of frequency domain evaluation of the CRB, employing the covariance
matrix tapering technique. Using the proposed technique, large sample frequency domain CRB is evaluated for Jake’s model. The
dependency of the large sample CRB on the Doppler frequency, signal-to-noise ratio, and data length is investigated in the paper.
Finally, an asymptotic closed form CRB for frequency estimation in the presence of multiplicative and additive colored noise is
derived. Numerical results show that the asymptotic CRB obtained in frequency domain is accurate, although its evaluation is

computationally simple.
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1. INTRODUCTION

The problem of frequency estimation from noisy signals is
of fundamental importance in a variety of applications. Al-
though the performance of frequency estimation in the pres-
ence of additive noise is rather well understood, the same can
not be stated for frequency estimation in the presence of mul-
tiplicative noise. Recently, frequency estimation in the pres-
ence of multiplicative noise has received much attention, es-
pecially in fading multipath channels, backscatter radar sig-
nal processing, and array processing of spatial distributed
signals [1-3]. A preliminary step in the development of es-
timation algorithms in these environments is to identify the
fundamental limits of their performance. The Cramer-Rao
lower bound (CRB) is a such fundamental lower bound on
the variance of any unbiased estimate [4], and is also known
to be asymptotically achievable when the number of obser-
vations is large.

Computation of the exact CRB in the presence of mul-
tiplicative noise has been discussed in [3, 5]. However, the
exact results are usually presented in matrix form that does
not offer much insight into the estimation problem that one
is dealing with. Furthermore, it is noticed that under high
signal-to-noise ratio (SNR) conditions, the covariance ma-
trix involved in CRB evaluation tends to be singular which
makes the derivation of the exact CRB numerically unstable.

This effect is more prominent when the number of observa-
tions is large, and in certain multiplicative noise models (e.g.,
Jake’s model), the effect is quite apparent even at a low num-
ber of data samples. Similar singularity problems were also
encountered in fading channel simulation, minimum mean
square error (MMSE) multiuser detection [6, 7]. Parame-
ter estimation with singular information matrices was also
discussed in [8], and commonly the singularity is caused by
high-dimensional parameter estimation problems via the use
of matrix pseudoinverse.

In this paper, to improve numerical stability, we propose
to use covariance matrix tapering (CMT) technique when
the covariance matrix of the signal is singular. The CMT
technique was previously proposed to modify the array pat-
tern in the application of adaptive beamforming [9]. Here in
this paper, we will use CMT to resolve the problem of covari-
ance matrix singularity.

For large sample CRB evaluation and computational sim-
plicity, we also propose a DFT-based frequency domain CRB
evaluation in conjunction with the CMT technique. In this
approach, the asymptotic CRB has been derived using the pe-
riodogram of the data in frequency domain [10]. It is noted
that this technique is accurate under the condition that the
data record length is much larger than the correlation time of
the multiplicative noise. Finally, a closed form expression of
the large samples CRB for Jake’s model is given and a general
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expression for an asymptotic CRB in the presence of mul-
tiplicative noise and colored additive noise is provided. The
unified approach of the use of CMT in time domain and fre-
quency domain CRB evaluation and a general closed form
expression of the CRB for Jake’s model are the novel contri-
butions reported in the paper. The closed form expression of
the CRB in frequency domain provides direct insight to the
accuracy of frequency estimation in different fading chan-
nels. Using the expressions for CRB, in Section 4, we have
clearly shown how a channel can be characterized under dif-
ferent fading conditions.

Following is an outline of the paper. Section 2 outlines
the general signal model encountered in the communication
channels. In Section 3, the CRB in time domain in conjunc-
tion with the CMT is proposed to solve the singularity prob-
lem when the data length and SNR are large. In Section 4, a
detailed discussion on the asymptotic CRB at different fad-
ing channels is described. In Section 5, we derive the closed
form expressions for the CRB in the presence of multiplica-
tive noise and additive colored noise. Our conclusion fol-
lowed in Section 6.

2. SIGNAL MODEL

Consider a general, discrete-time complex time-varying
channel in wireless communications, having a frequency off-
set between the transmitter and the receiver. The data sam-
ples at the receiver can be expressed as

x(n) = (ue® +a(n))e/" +v(n), n=0,1,...,N -1,
1)

where ¢ and ¢ are the amplitude and phase of the signal
propagating along the direct path. a(n) is the fading causing
multiplicative noise. wy is the frequency offset between the
transmitter and the receiver. v(n) is the additive noise. N is
the number of data samples. The following assumptions are
placed on the signal model.

(1) a(n) is a stationary complex Gaussian process which
is circular symmetric with zero mean and variance o2.
(As noted in [11], circularity is an important property
in realistic channels.) Its normalized autocorrelation
function is defined as r,(m) = E[a(n + m)a*(n)]/d2,
thus 7,(0) = 1. The Gaussian assumption of a(n) gives
rise to the well-known Rayleigh distributed amplitude
fading when y = 0, while if g # 0, it is the Rician fad-
ing.

(2) v(n) is a sequence of independent, identically dis-
tributed complex zero mean Gaussian variable with
variance ¢2, and is independent of a(n). The SNR is
defined as SNR = (y? + 02)/0% = (y*/02 + 1)/0%/0? =
B(1+ k), where x = y?/0? is the Rician factor, and § =
02/02. Thus it can be seen for Rayleigh fading (¢ = 0,
02 # 0), SNR = 8, while in the classical additive white
Gaussian noise environment, SNR = y?/0? = .

(3) ra(m) is assumed to be real valued, this will suffice to
ensure a consistent frequency estimation via the algo-

rithm proposed in this paper. Otherwise, the phase of
ra(m) has to be estimated prior to the frequency es-
timation. This assumption has been made implicitly
by many authors, for example, in ionospheric chan-
nels for mobile cellular communications, with the cor-
relation function of the fading process is commonly
selected as Jo(27 f47), where Jo(-) is the zeroth-order
Bessel function of the first kind and f; is the Doppler
spread [12].

It is noted that estimation of ¢ and y can be decoupled from
the estimation of wy, ¢ and y can also be estimated once wy is
estimated [13]. In this paper, we only focus on frequency es-
timation and its CRB in the presence of multiplicative noise.

3. BOUNDS FOR FREQUENCY ESTIMATION
EVALUATED IN THE TIME DOMAIN

In this section, we consider the CRB for frequency estimation
evaluated in the time domain. The CMT is used to regularize
the possible ill conditioning of the covariance matrix in time
domain. To begin with, consider the signal model presented
in Section 2, note here that in the initial discussion, we as-
sume white noise, which is relaxed in Section 5. Recall that
the variance of an unbiased estimate 6; of the parameter 6;
has a lower bound that is given by [4],

~

E[(6; - 6)%] = T3, (2)

where E[-] denotes ensemble average and J;! is the ith ele-
ment of the diagonal of the inverse of the Fisher information
matrix (FIM) J with its (4, j)th element [4],

H
Jm R‘la—m>+tr<R‘la—RR‘la—R>. (3)

Lf:me(aei 26, 6, 26,

In the above, [-]¥ denotes the Hermitian transpose, 6 is the
vector consisting of parameters 0;. Re(u) is the real part of
u, tr denotes trace of the matrix, R and m are the covariance
matrix and mean vector of the received signal. Representing
the signal model in (1) in terms of vectors, we obtain

x = A(ue/?1 +a) +v, (4)

where x = [x[0],x[1],...,x[N — 1]]T, v = [v[0],v[1],...,
v[N-1]]17,1=[1,1,...,1]T,a = [a[0],a[1],...,a[N —1]]7,
and [-]7 denotes vector transpose. A = diag[1,e/%, ...,
e/@WN=1] Suppose that the covariance matrix of multiplica-
tive noise a(n) is expressed as 02R,, then mean vector and
covariance matrix of the data vector x can be expressed as

my = pe/®Al, (5)
Ry = 02AR, A" + 021 (6)
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3.1. Exact CRB in the presence of multiplicative noise

Substituting (5) and (6) into (3), the entries of the FIM can
be written as [5],

Joow, = 2421TDR, 'D1 + 2tr (R, 'DR,D — D?),
Juog = 24° Re {1"DR, "1}, (7)

Jo.p = 24°1TR, 71,

where R, = 02R, + 021, D is a diagonal matrix having the
form D = diag[0, 1,2,...,N — 1]. The FIM entry for y is de-
coupled from the entries for frequency offset and phase of the
multiplicative noise [3], thus we have the CRB for frequency
estimation

Jo
CRB = . 8
(wO) ]wo,wol¢,¢ - Iwo,qﬁ]wo,(lﬁ ( )

Specifically, if u # 0, 02 = 0, the covariance matrix becomes
proportional to identity matrix, and the CRB for frequency
estimation is simplified to

20?2 60?2
CRB = v = v, 9
(o) 21HDDI ~ 12N3 )

This is the classical expression for CRB in additive white
Gaussian noise [4]. If 4 = 0, 62 # 0, which represents the
Rayleigh fading in wireless communications, the CRB for fre-
quency estimation is simplified to

1
2tr (R,”'DR,D — D?)’

CRB (wp) = (10)

Note that the denominator of (10) vanishes for temporally
white multiplicative noise which will lead to an infinite CRB,
but it is noted here that under this condition, the parameters
are unidentifiable.

3.2. Bounds evaluated in the time domain using CMT

The CRB obtained in (8) and (10) is exact for even a finite
length of data N. However, for certain fading models, the co-
variance matrix R, can be singular especially when the SNR
is high. This singularity is caused by the rapid time varia-
tion of the fading resulting in information singular process.
Information singular processes are simply those having zero
Kolmogorov entropy (or equivalently, those processes which
are completely determined by their infinite past) [14]. Hence
such processes are deterministic which will cause the eigen-
values of the covariance matrix to be zero according to the
prediction theory [6, 14]. Note that, in wireless communi-
cation applications, a commonly used model is Jake’s model
which has the covariance function R(7) = Jo(ws7), where
Jo(+) is the zeroth-order Bessel function of the first kind and
wg is the maximum Doppler frequency. For Jake’s model, the
covariance matrix tends to be ill conditioned even when the

data length is small. The effect is more prominent with the
increase in the data length. In the following, we will regu-
larize this information singularity using the CMT. The basic
idea of CMT is to multiply the elements of the covariance
matrix with different weights, in order to attenuate those el-
ements away from the main diagonal. With the use of CMT,
the CRB for frequency estimation in (10) can be re-expressed
as

1
CRB (w0) = 0 (R,°T) DR,-T)ID_D?)’

with the symbol o representing the Hadamard elementwise
product between matrices, and T denoting a tapering ma-
trix. T is real, symmetric, and Toeplitz. The following the-
orems provide useful insight into the underlying stochastic
properties of CMT technique. For proofs and more details,
see [9].

Theorem 1. If A,B € CN*N are both positive semidefinite
matrices, so is A o B. Moreover, if A is positive definite and B is
positive semidefinite with no zero diagonal entries, then A o B
is positive definite.

Theorem 2. Let PN denote the space of complex-valued N X N
positive semidefinite covariance matrices. Then, if A,B € PN
and with additional property d; = 1, foralli:i = 1,...,N,
where d; denotes the ith diagonal entry of A and B, then y(A) =
X(A o B), where y(A) is the eigenvalue spread of A.

Suppose we choose B as T, with T being positive definite.
Then Theorem 2 suggests (A o T') is positive definite and that
the eigenvalue spread has been reduced due to the tapering.
That is, a singular matrix can be regularized via the use of T..
Though Theorems 1 and 2 provide the fundamental property
of the CMT as a regularization technique, however, they do
not provide a general guideline to choose an optimal tapering
matrix. In [9], the tapering matrix is chosen as

sin (art|m — nl)

[T]mn =
ar|m — n|

= sinc (a(m — n)), (12)

where [T],., is the (m, n)th element of matrix Tand 0 < «a <
1. Note for the special case &« = 0, the tapering matrix de-
fined in (12) becomes a matrix with all ones and thus no
regularization is obtained, while for the case « = 1, the ta-
pering matrix becomes the identity matrix, the covariance
matrix R, will become a diagonal matrix and the CRB be-
comes CRB obtained via the periodogram [10]. As an ex-
ample, Figure 1 illustrates the regularization property of the
CMT applied to resolve the singularity problem of the covari-
ance matrix. Consider a Rayleigh fading channel with nor-
malized Doppler frequency f; = 0.01, and the multiplica-
tive noise is described via Jake’s model. The SNR varies from
25dB, 60 dB to 100 dB. It can be seen that when « decreases
from 0.003, 0.002 to 0.001, the CRB gradually meets the ex-
act CRB (a = 0). Therefore, it is evident (from the plot of
SNR = 25dB) that if a; < a,, then CRB(«;) < CRB(a»),
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—3° Q T T where F is the normalized Fourier transform unitary matrix,
gk NG (FHF = 1), which has the form F = [eg, ey,...,ex—; ], where

\‘\\b I SNR = 25 dB, a =10.003, 0.002, 0.001
N from top to bottom 1 —iQrk/N) - j(4nk/N) —iak(N-1)/N)
—45 g - e = ——[1,e JFKN) o= jlnlN) | =i ,
=50 k=0,1,...,N—1.
5 (14)
5 - 3
© y is the transformed data vector having length N. Substitut-
—60 ing (4) into (13), we obtain
NS
SNR = 100dB, gNR — 60dB y = \/NFA(‘ueJ*bl +a) ++/NFv. (15)
=70 f oo @= 000102001 . :
: : ‘ : ‘ Consequently, the mean vector my and the covariance matrix
_75 i i i i | Ry of y can be expressed as
0 50 100 150 200 250 300
Data samples N my = \/NMEJ‘PFAL (16)
-~ Exact CRB Ry = No2FAR,A"F" + ¢2NL. (17)

-©- CRB with CMT

F1GURE 1: The exact CRB compared with the CRB when CMT reg-
ularization is used for different SNRs, SNR = 25,60, 100 and the
normalized Doppler frequency f; = 0.01, 4 = 0.

and « = 0 provides no regularization to the covariance ma-
trix. Exact value of a selected depends on the required trade-
off between the matrix regularization and the deviation from
the CRB. At high SNR=100dB and large data samples, the
singularity of the covariance matrix is prominent. We note
from the simulation that the bound obtained using the ta-
pering matrix with a = 0.001 is very close to the exact CRB
while maintaining regular conditions.

4. BOUNDS FOR FREQUENCY ESTIMATION
EVALUATED IN THE FREQUENCY DOMAIN

The time domain CRB evaluation discussed in the previous
section requires matrix inversion. In this section, we elabo-
rate the use of CMT in the evaluation of the CRB in the fre-
quency domain. The major advantage of the frequency do-
main evaluation is that it avoids matrix inversion and thus
it is especially useful when the data lengths are quite large.
In particular, we will show that the periodogam-based CRB
discussed in [10] is a special case of frequency domain CRB
evaluation via the CMT with a = 1. It is further noted that
the periodogam-based CRB can be related to the power spec-
trum of the signal, thereby providing more insight into char-
acteristics of the estimation problem. We also derive closed
form expressions for large samples CRB for Jake’s model.

4.1. Frequency domain CRB with the CMT

By performing the DFT operation on the data vector x, we
obtain

y = Fx, (13)

Note that the DFT is a linear reversible operator, and thus it
can not be directly used to avoid the singularity associated
with Ry. Again, CMT can be employed in the frequency do-
main to avoid the singularity problem. Equation (17) can be
then rewritten as

R, = NFAR,APF! o T, (18)

where T is as given in (12). The (m, n)th element of R, can be
expressed via matrix expansion

i (2n/N)(m—n) N=1 N1

[Rel,n = — S S Rt - kywo)
t=0 k=0
% e—j(Zn/N)(t—k)e—j(Zn/N)(mk—nt) sinc (a(m _ n))

(19)
After further manipulation, the above can be written as

N-1
[Rt]mn = %ejﬂ(m—n) Z R.(1, wo)ej(n(ern)l/N)

1=0
sin (m(m — n)(N = I)/N) .
sin(rr(m — n)/N) sinc (a(m = n)).

(20)

It can be seen from (19) that using the tapering matrix T,
with & = 1, R¢ becomes a diagonal matrix

R; = diag {P(wk, wo), k =0,1,...,N — 1} (21)

with the diagonal element P(wg, wy) given by

N-1

P((A)k,wo) = Z

I=—(N-1)

WB(l)RZ(w())l)eijwkh (22)

where wy = 27k/N and R,(wo,1) = o2R,()el®! + 25(1),
and &(]) is the Kronecker delta function. wg([) is the Bartlett
(triangular) window which is given by

||

wa(l) = 1 N -N+1<I<N-1, (23)
0

elsewhere.
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Substituting (16) and (21) into FIM in (3), we obtain the en-
tries of the FIM as

21"pD1 (P’(a)k,wo)>2

Jorr = "0y 2\ Plon )
an ~ %, (24)
Y
1M1
Jop = Twy)’
where y = Nwy/2m and P’(wk,wp) is the derivative of

P(wk,wo) with respect to wy. The frequency domain eval-
uation of the CRB obtained via CMT with a = 1 is in
fact the periodogram-based CRB discussed in [10]. The ac-
curacy of the periodogram-based CRB increases with the
data samples N. As we can see from (20), when N — oo,
[Relmn — 0. Hence, Ry is asymptotically a diagonal matrix
and the periodogram-based CRB asymptotically approaches
the exact CRB. Note that by decreasing «, the accuracy can be
increased but by then it requires matrix inversion, losing the
advantage of evaluating CRB in the frequency domain. Also
note that when o = 0, the CRB evaluation in the frequency
domain yields the same results as the evaluation in the time
domain.

4.2. Asymptotic expressions for CRB for
Jake’s model

Using the periodogram-based CRB evaluation discussed in
the previous section, how asymptotic expressions for CRB
can be evaluated will be shown here. These expressions are
useful because they provide direct insight into how bounds
vary with parameters such as number of data points, the
Doppler frequency, or the SNR. We consider Jake’s model in
wireless communication and assume that the length of data
samples is much larger than the correlation time of the mul-
tiplicative noise. In this case, the power spectrum associated
with Jake’s model covariance function can be written at dis-
crete frequency points as

202

2+0'3 |k — wo| < wg,

P(wy) = wd\/(l — (wk — wo)/wa)

0 elsewhere.
(25)

Substituting (25) into (24), the FIM entries can be expressed
as

TN
| 2/3;<[3N3 N-1 2ﬁwk(1—(wk/wd)2)
ooy 72 | >
(2B/wa) +1 k=0 2[3w§+w,21(1—(“)k/“)d)2)
Jo o~ KBN®
WP (2B/wa) + 10
oo~ 2BN
T (2B/wa) + 17

(26)

Recall that x = y?/02 and B = 02/0?. Therefore, the large
sample CRB for frequency estimation is obtained as

6

CRB ((,()()) = N3E+6<«y

(27)

where & = kB/(2B/wa+1), { = S0 (2w (1 - (wp/wa)?) 1)/
(2Bwi+wi(1—(wi/wa)?)?))2. Equatlon (29) is a closed form
expression for CRB at large samples relating to Doppler fre-
quency, data length, and the SNR. It is worth noting that the
large sample (asymptotic) CRB can be obtained by approx-
imating the average periodogram by the power spectrum in
the continuous form and subsequently using Whittle’s for-
mula [5, 15]. However, the approach used here is direct and
more appropriate as the discussed frequency estimate is ob-
tained using discrete data.

It can be seen that, when § = 0, k # 0, (27) provides
the CRB in additive white Gaussian noise. When x = 0,
B # 0, the CRB is entirely determined by (Rayleigh fad-
ing) (, and the decay rate of the CRB with Doppler spread
is in the order of w}*. Furthermore, when B > 1, & is
simpliﬁed to &€ = kwy/2, while { can be written as { =
Zk 0 wk/w‘;(l — (wx/wg)?). In this case, the CRB is only de-
termined by wy and «, and not by SNR, which is known as
the floor effect of the fading channels.

Note that under the extremely fast fading condition for
Rayleigh fading channel, the multiplicative noise process
a(n) can be seen as a case of completely uncorrelated process,
that is, r,(m) = 028,,, where 8,, is the Kronecker delta func-
tion, so that S/ (wk, wp) = 0, { = 0. Thus CRB becomes in-
finite, that means in the presence of temporarily white mul-
tiplicative noise, no parameters are identifiable. The CRB in
the time invariant (slow) fading channel was derived in [3]
as

6

CRB (a)o) =~ fm

(28)

The CRB in the Ricean fast fading channel as « is not too
small was approximately derived in [3] as the following:

2(k+ 1+ pSa(wo))
Blx+1)xN3

~ 2 + ZSa(C‘)O)
Bk +1)N3 kN3

CRB (a)o) ~
(29)

Equation (29) is approximately obtained, and we can see that
when 5 — 0, (29) has the same floor effect of (27). However,
(27) also can be used in Rayleigh fading and is a general ex-
pression for fading channels.

In Figure 2, we show that for the multiplicative noise
with zero mean (k = 0) (Rayleigh fading), the CRB in-
creases with the Doppler frequency monotonically. While in
Figure 3, x # 0, (Rician fading) the CRB first increases with
Doppler frequency at small values, while beyond that, the
CRB decreases with Doppler frequency. The dashed lines are
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F1GURE 2: The periodogram-based asymptotic CRB and exact CRB
with respect to f;. The results shown are for different values of N.
N = 32,64,128,256, and k = 0. f = 10dB.

=35

—40

—45 +
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-=-— Exact CRB

F1GURE 3: The periodogram-based asymptotic CRB and exact CRB
with respect to fz. The results shown are for different values of N.
N = 32,64,128,256, and k = 4. f = 10dB.

the exact CRB and the solid lines represent the large sample
asymptotic expressions obtained from (27). It can be seen
that the asymptotic CRB meets the exact CRB only at high
Doppler frequency and large data samples. This verifies that
the periodogram-based CRB expressed in (27) is an asymp-
totic result mostly suitable for fast fading channels. Figure 4
demonstrates the floor effect of the CRB when 3 > 1 in the
presence of fading channels. The floor effect of Rician chan-
nels has been discussed in the literature [3, 5]. But here, we

CRB (dB)

-40

—— Periodogram CRB
--~- Exact CRB

FIGURE 4: The floor effect of the periodogram-based asymptotic
CRB and the exact CRB for different values of x. k = 0,0.1,0.2,0.3
from top to bottom, N = 128, f; = 0.3.

-30
—40[ &
TS0 R Rayleigh fast fading
60 j&\\\‘\* s " Rician fast fading
SN *-_ e
o TO By o . \
S ol ,‘e\\
m B : N N -
= :e ‘*}——0——{»__6
O g0p o T
: : : ‘ * .
—100 F / St
: : ; : . SO T -
—110 : : . - - Slow fading - - . Sy J
-120 f RN
~130 : - - . . .
0 1 2 3 4 5 6 7
Log2(N)
-*- f;=0.011 -+- f;=0.003
~©- f4=10.005 --- f1=10.001

F1GUrE 5: The asymptotic CRB with respect to N. The results shown
are for different values of f; = 0.001,0.003,0.005,0.011 from top to
bottom and x = 100. § = 20dB.

emphasize that the floor effect is caused by the multiplicative
noise, and would be present even in Rayleigh channels.
Figure 5 demonstrates the asymptotic CRB in the pres-
ence of multiplicative noise on the effect of data length N for
different values of f;. It can be seen that when f; = 0.001, the
fading effect is almost negligible, and the channel is similar
to an additive white Gaussian noise channel. For large f;, for
example, f; = 0.011, the fading effect is determined by the
data length N, & and { are as shown in (27). In this case, it is
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seen that when N is smaller, the decay rate of CRB is around
N~3, and the channel behaves as slow fading channel. With
the increasing of N, the fading relatively becomes fast, and
the decay rate of CRB is around N~! which is mainly deter-
mined by { in (27), in this situation, the channel can be seen
as a Rayleigh fast fading channel. When N is very large, the
decay rate of the CRB is around N2 as seen in Figure 5. This
is also confirmed by (27) where £ dominates and the chan-
nel behaves as a Rician fast fading channel. Thus knowing N,
&, and (, using (27), we can determine whether the channel
behaves as a slow fading, Rayleigh fast fading, or Rician fast
fading channel. That is, the channel can be easily character-
ized with the use of (27).

5. CLOSED FORM EXPRESSION FOR CRB IN THE
PRESENCE OF MULTIPLICATIVE NOISE AND
ADDITIVE COLORED NOISE

So far in the discussion, we have considered the additive noise
as a white process. Through this discussion, the asymptotic
CRB expressions for frequency estimation in multiplicative
noise and additive white noise have been obtained. In this
section, we seek asymptotic CRB expressions in the presence
of multiplicative noise and additive colored noise. Without
loss of generality, suppose that the colored noise v(n) can be
modeled as an order p autoregressive (AR) process, which is
expressed via the AR coefficients ay in the following manner:

p
v(n) = — Z av(n — k) +e(n). (30)
k=1

Here e(n) is a white Gaussian noise process with variance 2.
We define that the SNR = (4? + 02)/0?. Let us first assume
that only the colored noise is present (i.e., 62 = 0). Then the
inversion of the data covariance matrix Ry is given by [16],

B 1
R, ' = ;(AlA{f - AAL), (31)

where A; and A, are lower triangular Toeplitz matrices given
by

L, i=j,
[Al],‘j = ai—j; i>jy
0, i<j,

(32)

[AZ]ij

0, i<j,
X T
aN-itjp 12 ]

The form in (31) is useful to calculate the exact CRB in
the presence of AR colored noise. Substituting (31) into (3),
and performing the matrix expansion, the FIM entries in the
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presence of the AR colored noise are obtained as
2 ,
Jow = = |A() [F(N = 3),
2#2 . 5 N-1
]wo,wo Ny < |A(e]w0) | Z (n— 2)2 +(N - 1)2>)
o n=0
2R 2
oo = T5 |AG™) (N = 1), (33)
2 2 " 2N—1
Iwo,(l5 = LP)wo ~ Lz |A(€] 0)| Z n,
o n=0
I}l,a)o = ]wo,y = O)
Jug =TJou =0,

where |A(e/0)|2 is the normalized spectrum of the AR col-
ored noise and A(e/®0) = 1 + Zleake‘jk“’“, (k=1,2,...,p).
Assume that the second term in the right-hand side of equa-
tion for Jy,,«, is small and that the following condition is sat-
isfied:

|A(ei) | < % (34)
After the matrix inversion, we obtain the asymptotic CRB for
frequency estimation in AR colored noise as

602 | Aen) |~

CRB (@) = = NN 1) (35)
This is in accordance with the asymptotic CRB for short data
length as discussed in [16]. Further investigation has revealed
that for other colored noise, such as MA colored noise, the re-
sults are entirely similar as that of the AR colored noise, pro-
vided that the normalized spectrum of the colored noise is
much smaller than data length, that is, the condition in (34)
is satisfied. Hence we are led to the conjecture that the CRB
in colored noise can be obtained by modifying the variance
of white noise to accommodate the true AR spectral noise
density at the sinusoidal frequency. Following the above, the
obvious modification to (27) for the case of colored AR noise
is given by replacing B by f = 02|A(e/“)|?/02, and making
kB = u?|A(e/0)|?/0* while keeping x unchanged. The CRB
in the time invariant (slow) fading channel in additive col-
ored noise is then given by
6| A(ei)|

CRB((U()) ~ /3(1+K)N3 .

(36)

Note that the exact bound can also be obtained from the FIM,
where the mean vector is as the same as what appeared in (5).
Assuming that the multiplicative noise and additive colored
noise are independent, the data covariance matrix can be ex-
pressed as

Ry = 02AR,A7! + 0ZR,, (37)

where 02Ry is the covariance matrix of the colored noise.
Equation (37) can be used to evaluate the exact CRB. Figure 6
compares the exact CRB and asymptotic CRB expression
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FiGure 6: The asymptotic CRB and exact CRB in the presence of
first-order AR colored noise and multiplicative noise for different
values of N, N = 32,64,128,256. SNR = 10dB. Doppler frequency
fi=01.x=1.

in multiplicative noise and additive first-order AR noise. In
Figure 6, CRB versus frequency offset is shown with the data
samples N varying from 32, 64, 128, and 256 from the top
plot to the bottom plot. The AR coefficient is set as a; =
0.9¢/%67_ Tt can be seen that the asymptotic CRB is close to
the exact CRB when N is large. Notice that the CRB in the
presence of additive colored noise varies with the frequency,
although in the presence of additive white noise, it is inde-
pendent of the frequency. We can also see from Figure 6 that
the the CRB peaks at a frequency offset corresponding to the
phase of the AR coefficient a;, a fact due to the spectral char-
acteristics of the colored noise.

6. CONCLUSIONS

Computation of the CRB in the presence of multiplicative
noise has been addressed in detail in this paper. It is noted
that under high SNR conditions, and in certain multiplica-
tive noise models (e.g., Jake’s model), the covariance matrix
involved in CRB evaluation tends to be singular which makes
the evaluation of the CRB numerically unstable. In this pa-
per, we propose to use CMT technique when the covariance
matrix of the signal is singular so as to improve the numerical
stability.

We also propose a computationally simple DFT-based
frequency domain CRB evaluation method. In this approach,
the CRB has been derived using the periodogram of the data.
It is noted that this technique is accurate under the condition
that the data record length is much larger than the correla-
tion time of the multiplicative noise. Large sample approxi-
mations to the CRB for Jake’s model is given and a general
expression for an asymptotic CRB in the presence of multi-
plicative noise and colored additive noise is provided. These

closed form expressions provide direct insights into the CRB
in different fading channels, and help one to obtain proper
fading channel characterization.
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