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Abstract— A new method for signal-to-noise ratio (SNR) esti-
mation is considered when multiple receiving antenna elements
receive quadrature amplitude modulation (QAM) signals in
complex additive white gaussian noise (AWGN) spatially and
temporally white (uncorrelated between antenna elements). In
this paper, we also present the extension of other existing me-
thods to the Single Input Multiple Output (SIMO) configuration.
The procedure is non-data-aided (NDA) since it is a moment-
based method and does not require, therefore, the a priori
knowledge or the detection of the transmitted symbols. Monte
Carlo simulations are used to estimate the normalized root mean
square error (NRMSE) as a measure of performance. The new
method is shown to outperform the best NDA moment-based
SNR estimation methods, namely the M. M, and Gao’s methods
even when they are extended to the SIMO configuration.

[. INTRODUCTION

Many techniques for optimal usage of radio resources are
nowadays based on the knowledge of the signal-to-noise
ratio. For instance, SNR estimates can be necessary for
power control, equalization, handoff and dynamic allocation
of resources.

The first basic SNR estimation algorithms were introduced
in the 1960°s [1], [2]. And since then, researchers have worked
on improving performance of existing estimators or finding
new ones. Estimation methods can be categorized as data-
aided (DA) and non-data-aided (NDA). In fact, DA methods
use the knowledge of transmitted symbols to facilitate the
estimation. However, NDA methods base the estimation only
on the received signals.

Various estimation techniques have been introduced during
the last few decades, including maximum-likelihood (ML)-
based [3], [4] and moment-based methods [5]. But, to the
best of our knowledge, the best two existing NDA methods
that are applicable for non-constant envelope modulation
are the MoM, method presented in [6], and the method
presented in [7]. Both are SISO and must be used antenna
per antenna. Hence, we will present in this paper enhanced
versions of these methods for the SIMO configuration, in
complex additive white gaussian noise (AWGN) spatially and
temporally white (uncorrelated between antenna elements).
We will show that the use of an array of antennas can lead to
aremarkable increase in the estimation accuracy. But the main
contribution presented in this paper will be the development
of a new moment-based SNR estimation method for the

978-1-4244-2110-7/08/$25.00 ©2007 IEEE 601

SIMO configuration. The superiority of this new method will
be shown both against the MM, method and the method
introduced in [7].

In this paper, we will begin by introducing the main NDA
moment-based SNR estimation methods and extend them
to the SIMO configuration. Then, we will present a new
SIMO moment-based SNR estimation method to finish with
a performance comparison between these different methods.

I1. SYSTEM MODEL

We consider a digital communication system over a
frequency-flat STMO fading channel. The time variations of
the channel are considered to be relatively slow so that it
can be considered constant over the observation interval.
We also assume that the noise components at all the N,
antenna elements are modeled by complex Gaussian variables,
of equal average power, which are temporally and spatially
white (uncorrelated between antenna elements). This can be
a valid assumption in practice, for example when the noise
is associated with a large number of interference sources
or interference propagation paths. The input-output baseband
relationship is given by :

¥(n) = ha{n) + w(n}, (D
where
¥ = [wo(r),va(n) ... yn, —1(n)]", @]
h = [ho, by ... Ay, _1]7, (3
w= [wo(n),wl(n)...wNa,l(n)}T. {4

The superscript T° stands for the transpose operator, z(n) is
the »t* (ransmitted quadrature amplitude modulated symbol,
y:{n) and w;(n) are, respectively, the received signal and the
complex AWGN component, with zero mean and variance
N = 202, at the 7** antenna element. Assumed to be constant
and unknown to the receiver, k; is the channel coefficient for
the antenna element z. Without loss of generality, the power
of the constellation is assumed to be normalized to 1. Given
the vectorial samples y(n) only, forn =1,2... K — 1, our
purpose is to estimate the SNR at each antenna element
which is given by :

hel* _ Py
N N’ ®)
where P; = |h;|* is the signal power at antenna element 4.
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TTT. EXISTING METHODS AND STMO EXTENSIONS

In this section we present the classical MMy method and
the method presented in [7] and their direct extension to the
SIMO channel configuration.

A. MM,y method and its SIMO extension

1) MoM, method: The MoM, method is a SISO method.
Therefore, we consider, for the time being, the antenna
element ¢. The MM, method uses the 274 and the 4%* order
moments which are, respectively, defined as :

My = Elyi(n)yi(n)*], (6)
= F; +N, (7

Mas = El(s(n)us(n)")*], (3)
= K, P! + AP;N; + K,NZ, 9

where I denotes expectation and K, and K, are, respecti-
vely, the signal and noise kurtosis which are given by :

__Ellz(n)[] Ellw(n)|]
b= Ellatwr ™ e 1
K, = 2 for a complex noise and K, depends on the

modulation type. Solving for F; and N; from egs. (7) and

(9), one obtains :
1
P = [My (K, —2)—
K+K-[*( )

\/(4 KoK ME, + My Ko + Ko — 4) |, (11

N;=My; - F. (12)
In practice, My ; and Ad,; are computed using
| K-t
My =+ Z [wi(n)yi(n)"], (13)
| Kl
TF 2
Mei = 3¢ 2, loslmpua(o) T (14)
Estimates of F; and N; are then given by :
— 1 —
e e ]

(4 - K K)ME 4 MK, + Ko — 4)],05)

Nintanty = Mo — Finaa by (16}
It should also be known that ﬁz was set to zero if it was
not real-valued and N; was also set to zero if its computed
value was negative. These corrections are required because the
estimated moments can be relatively noisy. Finally, estimates
of the SNR over each antenna element ¢ are obtained using
— Pianm
Din, M, = 2t (n
M3 M,y
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2) SIMO extension of the MyMy method: The MMy
method was developed for SISO channels, and it is relati-
vely simple to modify so that it exploits the presence of
multiple antenna elements in a SIMO scenario when the
noise components at all the N, antenna elements can be
modeled by complex Gaussian variables, of equal average
power, which are temporally and spatially white (uncorrelated
between antenna elements). To do so, f\ﬁ is computed over
each antenna using (16). Then, one should average over all
antenna elements to have more accurate values of the noise
power, which is then used to compute the power estimates.
We therefore use

Nagass_sivo = N > Ninsan, (18)
F i=0

Pinam,_simo = max (O,Mz;z' - NM2M4_SIMO) . (19)
The SNR estimate over each antenna element z is then

Pz MaM, SIMO
2 4
FiMaM,_SIMO = (20)
N oM SIMO

B. Gao's method and its SIMO extension

To simplify, we choose to refer to the approach presented in
[7] as "Gao’s method". We will present in this section Gao’s
method and its extension to the SIMO configuration of our
channel.

1) Gao’s method as presented in {7]: Assume that z(n)
comes from a constellation that has ¢} different amplitudes
A1, Ay, ... Ag with Q different probabilities p1,po,...pg.
As explained in [7], the probability density function (pdf) of
|y:(n)| is a mixed Ricean distribution, given by

< i(n (71
T (wn)|) = Z {pqyig )‘ea:p(*.OiAé — |?";(72)|)><

q=1

To(|ys(n)]

) (1)

Since (A;,p;) are known for 2 = 1,2...(), the SNR esti-
mation boils down to the estimation of the Ricean factor g
from a mixed Ricean distribution. The average energy of the
[ransmltted symbols are supposed to be normalized to 1 so
that 3 o1 piA? = 1 and the £** moment of the mixed Ricean
dlstnbutlon is then given by

Mi(o%,ps) = Elyi(n)[*] (22)
< K
= Z pg(207)3 r( +1)x (23)

K
67””1311?71(7 + 151 045)

where 1 £ (.} and T'(.) are, respectively, the confluent hyper-
geomelric and the gamma functions. From (23), it is obvious
that the moments depend on two unknown parameters which
are the SNR, p;, and the noise variance 2¢%. Hence, a
moment-based SNR estimator requires estimates of at least



two different moments. For % # [, we define the following
function of p; :

Mllc(o-zapi)
M{t (C’rzapi) ’
which no longer depends on & but only on the SNR p;.

Therefore, we can construct moment-based estimators of p;
which can be expressed as

fk,l(Pi) = 24)

2

(M
pi;GaokJ - fk’l 3

=
M

(25

where ]T/fk;z- = %Zf:_ol |y:(r)|*. Although the analytical
inversion of fr;(.) is often not tractable, one can implement
these estimators by a lookup table.

2} SIMO exfension of Gao's method: We use the same
idea as for the extension of the M;M, method. In fact, we
can simply note from (5) and (7) that

My — Ny
= it T e 26
g N, (26)
that
s B My o
ot U

Then averaging over all the antenna elements, we can obtain
a more accurate estimate of the noise power by computing

1 Na—1

N,

Mo

. 28
PGaor, +1 (2%

NGao_sivmo,; =
i=0
Then we obtain an estimate of each antenna element SNR by

injecting (28) in (26) so that
). 29

V. NEw SIMO SNR ESTIMATION METHOD

Mai — Ngoo s1moy,

4 Gao SIMO,,; = MaX 0, P
NGao_simo,,

Since the method presented in this section depends on a 4¢*
order moment, we will simply refer to it as the My method.

It is mainly based on the following 4*% order moment :
Myie = Elyin+ Dys(n) yrln + 1)'yal(n)], (30)
_JE NS i | a1
B Py, otherwise.

One can immediately see that we can write in matrix form

M=E {[y(n + o yn) |y + Hoyn) ¥}, (32
(B + NV BP PyPy. 1
PP (P4 N)? P Py_.
= . . . (33)
Py, 1By Py, 1P (Pyn, 1+ N)?

where @ denotes the Schur-Hadamard matrix product, and
the superscript A stands for the Hermitian operator . From

(31}, we have
Pi = ”‘ﬂ'Mél;z',i — N.

(34)
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Substituting (34) in the off-diagonal elements of the matrix
M., we obtain

Maysp = («/Mm,i - N) (w]’&hk,k - N) ,for 1 # k.
(35)
Resolving (35) and taking the negative root, one can find

v Mtl;i,i +4/ le;k,k_ \/(\/ Mtl;i,i_ 3 Mtl;k,k)
N=
2

2 _
+4Myix

(36)
In practice, Mll;z-,k, which should be real and non-negative,
is unknown and should be estimated by simple sample ave-
raging. The estimate is therefore given by

mexx (0,357 Rfustn + Lz (r)wiin + Ly (n)])
K-1

——

My p=

(37)
where (.} returns simply the real part of any complex
argument. As mentioned before, (36) is valid only for all
i # k antenna element pairs, and there are %NQ(NQ -1
such pairs. Hence, to obtain a more accurate value of the
noise power estimate N, we can average over all the pairs

and use the following expression

. 1 N,—1N;—1 — —
Moo = mmD & At T

_\/(ﬁél;z’,z’ + ﬁzl;k,k) 2 + 4ﬁ4;£,k ] . (38)

Once the noise power is estimated, the signal power over each
antenna element, i.e. F;{i = 0,1,... N, — 1), which should
be always real and non-negative, can be estimated using (34),

so that we have
(0, \/ ﬁtl;i,i - Er}m) .

Finally our new SNR estimates (one per antenna element #)
are given by :

o

F; a7, = max

(39)

-

P

g

Dy, = (40)

My
Note that the same equations are used regardless of the
modulation type or order. Our new method does, therefore,
not require the a priori knowledge of the modulation type or
order to estimate the SNR, contrarily to other NDA estimation
methods.

V. SIMULATIONS

In this section, we will focus on the performance of our
new M, SNR estimation method and compare it with the
performance of the main existing methods, namely the MaM4
and Gao’s methods. Monte Carlo simulations will be run with
10000 realizations. We choose also /N, = 3 antennas and
an observation interval of /' = 2000 symbols. The required
lookup table for the Gao’s method, used in our simulations,
is very large (with SNR ranging from —100 dB to 100 dB
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Fig. 1. SNR NRMSE on one of the 3 antennas with the same experienced
SNR, 64-QAM

in step of 0.02 dB, for more accuracy). Linear interpolation
is then used for the numerical inversion of Gao’s function, to
insure fairness in the comparison.

Fig.1 shows the estimated Normalized Root Mean Square
Error (NRMSE) when we experience the same SNR on
the 3 antennas and when the regular rectangular 64-QAM
modulation is used. We can obviously see that the use of an
array of antennas can lead to a remarkable increase in the
estimation accuracy, over all the SNR values. But, we notice
also that the SISO and SIMQ versions of M;M, and Gao’s
methods become unable to estimate the SNR when it exceeds
about 15 dB. In contrast, the new M, method appears to be
the best over all the SNR values and can estimate the SNR
with accuracy even when it is high.

In wireless communications, SIMQO channels would be
fading and SNR is not always expected to be the same on
all the antenna elements. The next considered scenario will
suppose that one of the 3 antennas has 20 dB higher SNR
than the SNR experienced on the other elements.

Fig. 2 illustrates the estimated NRMSE on the antenna
element that experiences high SNR, as a function of the true
SNR on the other antennas, when 16-QAM modulation is
used. We observe that the SIMO versions of the MoM, and
Gao’s methods are better than the SISO versions for all the
SNR values. The two versions appear to be unable to estimate
the SNR when it is higher than 12 dB. However, it is obvious

~ - MM SO [
— % — Gaol2 2
- B - Gaol2-SIMO[:
— % — M4 B

estimated NRMSE of the estimatars
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Fig. 2. SNR NRMSE on the high SNR antenna element, 16-QAM

that the M, method is the best one for all the SNR values.

Fig. 3 illustrates the NRMSE on one of the other antenna
elements which are with equal SNR, for the same modulation
order. We notice, in this case, that the SISO versions are better
for SNR values in the medium range (from —4 dB to 12
dB). This is due to the contribution of the noise estimate
associated with the high SNR antenna element which is
very inaccurate. The My method seems again to have the
most satisfactory behavior over the entire range with clearly
superior performance.

Note that similar performance improvements have been
observed for other modulation orders like QPSK and 128-
QAM, but were not included for the sake of briefness and
clarity.

Finally, we can say that, in all the cases, the new M,
estimator seems, clearly, to be the best method, and the only
viable alternative for NDA SNR estimation over a wide SNR
range.

V1. CONCLUSION

In this document, a new SIMQ SNR estimation method, for
arbitrary QAM modulation, the M, was presented. Our new
method assumes that the noise components at all the antenna
elements can be adequately modeled by complex Gaussian
variables, of equal average power, which are temporally
and spatially white (uncorrelated between antenna elements).
Its performance was compared with those achieved by the
best existing NDA moment-based SNR estimation methods,
namely the MoM, and Gao’s methods, with STMO extensions
developed in this paper. The superiority of the new M,
method ,against these two methods, was shown over both
fading and non-fading channels. Moreover, although the new
M, method was presented in this paper in the context of
multi-antenna systems, it is worth nothing that the method
could be directly applicable to other systems having other
types of diversity, beside or in addition to spatial diversity. For
instance, the method is directly applicable to SISO CDMA
systems with path diversity, as managed, for example, by
RAKE receivers. In that context, one would simply consider
SNR per path instead of SNR per antenna element. It could
also be applicable to a multi-carrier SIMO system over

<l e MM, :
— 4 — MM,-SIMO |:
— % — Gaol2 :
- B — GaolZ-SIMO}!
— s — M4 :

R R R TR
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Fig. 3. SNR NRMSE on one of the low SNR antenna elements, 16-QAM



multiple adjacent subcarriers, with a per subcarrier SNR
instead of a SNR per antenna element.
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