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Abstract
This paper provides a comprehensive theoretical analysis of a modified Maximum Likelihood
Signal-to-Noise Ratio (SNR) estimator and quantifies the minimum coherent integration time
required to achieve a predefined level of accuracy. The SNR estimator is derived under the
assumptions of perfect frequency synchronization, data bit aiding and constant signal phase
during the observation window. The probability density function (pdf) of the SNR estimator in
logarithmic units is derived and used to quantify the bias and error bounds associated with the
considered SNR estimator. The minimum coherent integration time is determined by requiring a
desired level of accuracy with a given probability level, i.e. the integration time is chosen in
order to make the SNR estimate lie in a predefined confidence interval. Theoretical results have
been validated using GNSS software and hardware simulations. The agreement between
theoretical and experimental results supports the validity of the developed theory.
Index Terms —Coherent integration, SNR Estimation, GNSS Weak Signal Characterization

1. INTRODUCTION
Outstanding performance of GPS in outdoor scenarios is pushing people across the globe to
extend its applicability to signal degraded environments. However, the operation of a standard
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GPS receiver under such harsh environments is limited by the complex nature of signal
propagation phenomena such as multipath and shadowing. Thus, proper understanding of the
signal propagation characteristics under these environments becomes vital for the design of high
sensitivity algorithms that can meet the expected performance level.
The Carrier-to-Noise density power ratio (C/N0) or equivalently the Signal-to-Noise Ratio (SNR)
is one of the most important signal parameters to be characterized in such harsh scenarios.
Characterization of the C/N0 in signal degraded environments is useful to GNSS receiver
designers in multiple ways. Accurate C/N0 estimates are essential for determining the absolute
carrier power levels [1] necessary for the design of signal processing algorithms and hardware
platforms that can reliably operate under weak signal conditions. Also, C/N0 measurements are
required for extracting second order statistics, such as the Average Fade Duration (AFD) and the
Level Crossing Rate (LCR) [1], exploited by weak signal processing approaches relying on
temporal/spatial characteristics of the communication channel. Since the accuracy of C/N0
measurements depends on the estimation technique adopted, it becomes necessary to assess the
theoretical performance of the C/N0 estimator employed during the characterization process.
The problem of C/N0 (or equivalently SNR) estimation has been extensively studied in the
literature. A comprehensive analysis of various SNR estimators can be found in [2, 3]. In [2], a
performance comparison of several SNR estimation algorithms is presented for Data Aided (DA)
and Non Data Aided (NDA) cases. It is shown that under the assumption of known data bits, the
Maximum Likelihood (ML) SNR estimator outperforms every other estimator considered for the
analysis. However, the theoretical analysis on the distribution of the SNR estimates is only
marginally addressed. In [3], a theoretical analysis of several C/N0 estimation algorithms in the
context of GNSS is presented. However, the analysis is limited to the NDA case which may not
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be adequate for the accurate characterization of GNSS weak signals. A detailed analytical
characterization of the ML SNR estimator and its probability density function in linear unit is
provided in [4] for a Quadrature Phase Shift Keying modulated signal under the hypothesis of
known data bits.. It is noted that [4] considered the case of perfect phase synchronization. In this
paper, this hypothesis has been relaxed and the case of a constant phase offset is considered.
Under perfect phase synchronization, only the real part of the correlators is considered leading to
a significant noise reduction. In addition to this, the derived SNR estimator follows a Fisher
distribution with a reduced number of degrees of freedom. Finally, the entire analysis is
presented in linear units whereas most practical applications operate using a logarithmic scale.
In general, C/N0 or SNR values are expressed using decibel units, namely dB-Hz and dB,
respectively. As it can be readily found, the performance of most weak signal processing
algorithms is characterized as a function of C/N0 or SNR expressed in decibels [5]. High
sensitivity GPS receiver manufacturers specify the sensitivity of their receivers in decibel units
(e.g. -160 dBm). However, in the literature SNR estimators are derived and analyzed in linear
units [2, 4]. The performance analysis has been carried out in the log domain since power levels
are usually expressed in dB units. It is noted that quantities expressed in dB naturally refer to
multiplicative factors and not to additive terms as in the linear domain. Log domain analysis
avoids ambiguities in the definition of the different quantities. In addition, most of the existing
literature adopts the variance as a performance metric to compare the performance of different
SNR estimators. However, error bounds and the associated confidence interval of any particular
SNR estimator cannot, in general, be determined from the variance alone. This is due to the fact
that the probability density function (pdf) of the SNR is asymmetrical with respect to its
expected value.
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Thus, due to the lack of sufficient statistical analysis of the SNR estimators in the logarithmic
domain, this paper aims at providing a comprehensive theoretical analysis of the modified ML
SNR estimator described in [2, 6] along with quantifying the minimum coherent integration time
required to achieve a predetermined level of accuracy. Bias and error bounds associated with the
considered SNR estimator have been quantified in the decibel scale. The theoretical results have
been validated using Monte Carlo (MC) simulations and experiments based on a Spirent GSS
7700 hardware GPS signal simulator [7]. The findings presented in this paper have been used in
the development of several real GNSS weak signal characterization methodologies and some
preliminary results, supporting the significance of the developed analysis can be found in [8].
The remainder of this paper is organized as follows. Section 2 provides a brief description of the
adopted signal and system model. An overview of the considered ML SNR estimator is given in
Section 3 whereas Section 4 provides a comprehensive analytical characterization of the
considered estimator. In Section 5, the minimum coherent integration time required to attain a
certain level of accuracy is quantified. The theoretical results derived in Section 4 and 5 are
validated using hardware-based and MC simulations in Section 6. Finally, some conclusions are
provided in Section 7.
2. SIGNAL AND SYSTEM MODEL
In any standard GPS receiver, the incoming signal is continuously tracked by correlating it with a
locally generated signal replica as shown in Figure 1 [6]. The correlation process involves the
generation of a local complex carrier and code matching the phase and delay of the incoming
signal. The locally generated and incoming signals are multiplied and integrated over a
predefined integration time, Tc . Under the assumption of perfect frequency synchronization, it is
possible to show that the complex correlator outputs can be expressed as [6]
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pɶ =

Ct
2

K

∑ a R(∆τ
k =0

k

k

) exp { j ( ∆θk )} + ηɶ

(1)

where
•

Ct is the transmitted carrier power

•

K is the total number of multipath signals

•

R (·) is the normalized autocorrelation function of the GPS L1 C/A code

•

ak , ∆τ k and ∆θ k are the attenuation factor, code delay and carrier phase difference
between the locally generated signal and the kth multipath signal over the integration time
Tc

•

ηɶ = η I + jηQ , where η I and ηQ are two independent Gaussian noise processes with
variance σ 2 = N0 / ( 4Tc ) . N0 is the input noise power spectral density (approximately

N0 = −174 dBm / Hz ).
In Eq.(1), it is assumed that the data bits are known to the receiver, for example through external
aiding, and have been removed from the incoming signal. Also the multipath parameters are
assumed to be constant over the integration interval Tc . Correlator outputs given by Eq.(1) can
be further expressed as
pɶ =

Ct
β exp ( jψ ) + ηɶ
2
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where β exp ( jψ ) = ∑ ak R(∆τ k ) exp { j ( ∆θ k )} . Here, β represents the net attenuation factor
k =0

and ψ represents the net phase difference between the incoming signal and the local replica.
Thus, the correlator outputs can be modelled as
 C
N
pɶ ∼ CN 
exp { jψ } , 0
4Tc
 2





(3)

where C = Ct β 2 is the received carrier power and CN ( a, b ) denotes a complex Gaussian
process with mean a and variance b . In general, the post-correlation SNR, α , at the output of
the correlator is given by [9]

α=

E 2 [ pɶ ]
C
C 4Tc
C
=
=
= 2 Tc .
2
2 N0
N0
Var ℜ ( pɶ ) 2σ

(4)

In practice, a GNSS receiver estimates the post-correlation SNR using a vector of correlator
outputs and later converts it into C/N0 estimates using Eq.(4). In the case of GPS L1 C/A signals,
the nominal carrier power received in an outdoor scenario is around -128.5 dBm [6]. Considering
only thermal noise, the nominal C/N0 is given as -128.5 - (-174) = 45.5 dB-Hz. In practice,
various factors such as antenna gain variations (zenith to horizon, +4 to -4 dBic) [10],
polarization mismatch (up to 3.4 dB) [6], receiver noise figure (1-2 dB) [11] and atmospheric
losses (rain, cloud, etc. 0.3-2 dB)[6, 10] can further reduce the nominal C/N0. Also, in harsh
environments such as indoors, GPS signals are further attenuated by 25-40 dB [1, 11] due to
multipath and shadowing. Thus, SNR estimation algorithms are expected to operate under weak
signal conditions with input C/N0 as low as 5-10 dB-Hz.
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3. SNR ESTIMATION
Let pɶ = ( pɶ1 , pɶ 2 ⋯ pɶ M ) represent a vector of M consecutive complex correlator outputs observed
over T seconds where M = T / Tc . Under slow fading conditions (e.g. static receivers), it can be
assumed that multipath parameters are slowly varying over time such that values of β and ψ
can be assumed to be almost constant over T seconds. The ML C/N0 estimator determines the
SNR of the incoming signal using the observation vector pɶ and later converts the SNR
estimates into C/N0 values using Eq.(4). Considering Eq. (3), the pdf of the correlator outputs can
be written as

f ( pɶ ; C , σ ) =
2

1

( 2πσ 2 )

M

 1
exp  − 2
 2σ


M

∑
m =1

2

C
pɶ m −
exp ( jψ )  .

2


(5)

The carrier power, C , and noise variance, σ 2 , can be estimated by equating the partial
derivatives of the log likelihood function ( ln f ( pɶ ; C , σ 2 ) ) with respect to C and σ 2 to zero
[12]. The ratio of estimated carrier power, Cˆ , and noise variance, σˆ 2 , determines the SNR at the
correlator output. Thus, the ML SNR estimate is given by [2, 13]

Cˆ
αˆ = 2 =
2σˆ
1
2M

1
M
M

∑ pɶ
m =1

m

2

M

∑ pɶ
m =1
2

m

1
−
M

2

M

∑ pɶ
m =1

(6)

m

where αˆ represents the ML SNR estimates in linear units (ratio). The numerator and
denominator in Eq.(6) represent the estimate of carrier power and noise power, respectively. This
form of estimator is traditionally known as the MLE-DA estimator [2] where DA stands for Data
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Aided. The ML estimate of the SNR values in logarithmic units (decibel scale) can be obtained
using the invariance property of the ML technique as αˆ dB = 10 log (αˆ ) [12].
In [2], it is shown that the MLE-DA given by Eq.(6) is a biased SNR estimator. In order to
further improve the MLE-DA estimator accuracy, a modified structure as described in [6] is
considered. Figure 2 shows the modified structure of the MLE-DA SNR estimator where the
noise variance is estimated using a non-existing Pseudo-Random Noise (PRN) code based
method. pɶ ext = I ext + jQext represents the complex correlator outputs obtained by correlating the
incoming signal with a non-existing PRN code (not being transmitted by any GPS satellite).
Thus, the correlator outputs obtained in this way can be modelled using Eq.(3) with a zero mean.
Now, the noise variance of the correlator output can be estimated using pɶ ext as

σˆ 2 =

M
1
1
pɶ ext ,i −
∑
2 ( M − 1) i =1
M

M

2

∑ pɶ ext ,k =
k =1

M
1
( I − I ) 2 + ( Q − Q ) 2 
∑
ext ,i
ext
ext ,i
ext

2 ( M − 1) i =1 

(7)

where I ext and Qext are the sample means of inphase and quadrature components. The mean
component has been removed in order to account for any residual signal component. The noise
variances values estimated in this way are nearly unbiased resulting in improved SNR estimates
[3]. Residual biases can be still caused by the presence of small signal components not
eliminated by the correlation with the non-existing PRN code.
In this way, a new SNR estimator is obtained as

αˆ =

 1

M
M
1
∑
2 ( M − 1) i =1

2


pɶ m 
∑
m =1

1
pɶ ext ,i −
M
M

2

M

.

∑ pɶ
k =1

ext , k
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This modified estimator is referred to as the Modified ML (MML). As evident from Eq.(8), the
MML estimator coherently integrates the correlator outputs containing a signal component over
the entire observation window of T seconds, the total integration time. The following section
provides a detailed analytical characterization of the MML estimator.
4. ANALYTICAL CHARACTERIZATION

The MML estimator given by Eq.(8) can be viewed as the ratio of two independent chi-square
distributed random variables. The independence is due to the quasi-orthogonality of the codes
used for the computation of the correlator outputs.

Thus, it is possible to show that the

numerator is distributed according to a Non-Central Chi-square (NCC) distribution as [14]

num (αˆ ) ∼

σ2
M

χ 22 (M α )

(9)

where num (αˆ ) is the numerator of the MML estimator, α is the true value of the SNR and

χ v2 (λn ) denotes the NCC distribution with vn degrees of freedom and non-centrality parameter
n

λn . Similarly, the denominator can be modelled as a Central Chi-square (CC) distributed random
variable with 2( M − 1) degrees of freedom as
den (αˆ ) ∼

σ2
2( M − 1)

χ 2(2 M −1)

(10)

where den (αˆ ) is the denominator of the MML estimator and χ v2d is the CC distribution with vd
degrees of freedom. Thus the ratio of these two quantities is distributed according to a NonCentral Fisher (NCF) distribution as [4, 15, 16]

σ 2 χ 22 ( M α )
f Αˆ (αˆ ) =

σ

M
2

2( M − 1)

2

2

2( M − 1)

χ

2
2( M −1)

=

2
F ( 2, 2( M − 1), M α )
M

(11)

2( M − 1)
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where f Αˆ (αˆ ) is the pdf of αˆ , F (vn , vd , λn ) is the NCF distribution with parameters vn , vd and

λn as the input parameters. Thus, from the statistics of the non-central F distribution, the mean
and variance of the MML estimator are given by [17]

E[αˆ ] =
Var[αˆ ] =

( M − 1)( M α + 2)
2
≈α +
M ( M − 2)
M

( M − 1) 2 ( ( M α + 2) 2 + 4( M − 2)( M α + 1) )

M 2 ( M − 2) 2 ( M − 3)

(12)
.

It can be observed from Eq.(12) that the MML estimator is a biased estimator. The bias value
reduces as the value of M increases, making the ML estimator asymptotically unbiased.
4.1 Special case: Known noise variance
Assuming the noise process to be stationary, its variance can be computed by processing the
entire data set prior to C/N0 estimation. In this situation, the noise variance can be assumed to be
a known constant. Under the assumption of known noise variance it can be readily shown that
the MML estimates are distributed according to a NCC distribution as
f Αˆ (αˆ ) =

1 2
χ 2 (α M ) .
M

(13)

Thus, the mean and variance of the MML estimator under the assumption of a known variance
can be written as [15]
 2

E[αˆ ] =  + α 
M

4  1

Var[αˆ ] =
 + α .
M M


(14)

It can be observed that for small values of α and large M , Eq.(12) reduces to the SNR estimator
in Eq. (14). It is shown in the subsequent sections that the NCC and NCF models are sufficiently
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close for carrier power levels lower than -150 dBm and for a total integration time T lower than
1 s. Any difference in these models has little practical significance.
4.2 CRLB
The Cramer-Rao Lower Bound (CRLB) determines a lower bound on an estimator’s accuracy
[12]. Table 1 summarizes the CRLB for SNR estimates under the assumption of known and
unknown noise variances in both linear and logarithmic units for the data model given in Eq. (3).
The CRLB expressions listed in Table 1 are well established in the literature [18, 13] and hence
their derivation is not considered in this paper.
Table 1: CRLB expressed in linear and logarithmic units for known and unknown noise
variances [18, 13].
Scenario

Known
variance (KV)
Unknown
variance
(UKV)

CRLB of SNR
(linear units)
4α
M

CRLB of SNR
(dB2)

4α α 2
+
M M

 10   4α α 2 
 ln(10)α   M + M 

 


2

 10  4α
 α ln(10)  M


2

It can be easily verified that, for large values of M , the theoretical variances of the MML
estimator under the assumption of known and unknown variances (Eqs. (12) and (14))
approaches the CRLB bound as

4α α 2
+
→ CRLBUKV
M M
4α
Var [αˆ KV ] ≈
→ CRLBKV
M

Var [αˆUKV ] ≈

(15)
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where subscripts UKV and KV represents unknown and known noise variance cases,
respectively. Now, the theoretical variance of the transformed variable αˆdB = 10log10 (αˆ ) can be
approximated using the Taylor expansion as [15]

∂αˆ dB
Var[αˆ dB ] =
Var (αˆ )
∂αˆ
2

where

(16)

∂αˆ dB
10
=
. From Eq. (15) and Eq. (16) it can be seen that the theoretical variance of
∂αˆ α ln(10)

the transformed variable αˆ dB matches that of the CRLB given in Table 1. Thus, the MML
estimator approaches the CRLB values for large values of M making it an asymptotically
efficient estimator. In the following section, errors associated with the MML estimator as a
function of M are quantified. Thus, the appropriate choice of M (or T ) can be made by limiting
the absolute errors according to a predefined design criteria.
5. QUANTIFICATION OF T

In this section the minimum total integration time, T , or equivalently M (the number of
correlator outputs) required by the MML estimator to achieve a predefined level of accuracy
given a defined confidence level is derived. As shown in Section 4, MML estimates, αˆ , follow a
NCF distribution when the noise variance is unknown and a NCC distribution when the noise
variance is known. Now the pdf of αˆ dB can be determined from the pdf of αˆ using the
transformation property of random variables [15]. Thus, the pdf of αˆ dB can be written as

f Αˆ

dB

(αˆ dB ) =

∂h(αˆ )
f Αˆ [ h(αˆ )]
∂αˆ

= Z exp ( Zαˆ dB ) f Αˆ ( exp ( Zαˆ dB ) )

(17)
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where h(αˆ ) = exp( Zαˆ dB ) , Z = ln(10) /10 and f Αˆ (i) is the pdf of αˆ given by Eq. (11) or Eq. (13)
. Figure 3 shows the pdf of αˆ dB evaluated using the correlator outputs with Tc = 1 ms and

M = 200 for four different input carrier power levels. In Figure 3, solid lines represent the pdfs
of αˆ dB assuming a known noise variance and dashed lines represents the pdfs of αˆ dB under the
hypothesis of unknown noise variance. It can be observed that the pdfs are nearly identical for
power levels below -155 dBm. This shows that for carrier power levels below -155 dBm, the
noise variance estimated from the correlator outputs are quite accurate. Thus, under low carrier
power levels, the NCC distribution can be effectively used to predict the performance of the
MML estimator. This shows that the uncertainty in determining signal amplitude dominates at
low SNR, hence the conditions of known or unknown noise variance do not make an appreciable
difference in the pdf of the SNR estimator. This phenomenon is clearly observed in Figure 3
where the pdfs overlap for low signal powers.
Figure 4 shows the pdfs of αˆ dB for two different values of M . As expected, it can be observed
that the pdfs of αˆ dB becomes sharper for increased values of M . However, the pdfs under
known and unknown noise variance conditions are still nearly identical for a fixed value of M .
Now, the minimum value of T can be determined by constraining the bias and error envelope
levels. The bias of the MML estimator in dB is defined as the difference between the true and
expected value of the estimator output as E[αˆ dB ] − α dB ,true where α dB ,true is the true value of the
SNR and E[αˆ dB ] is the expected value of the SNR estimate defined as [15]

E[αˆ dB ] =

∞

∫ αˆ

−∞

f

ˆ
dB Α
dB

(αˆ dB )dαˆ dB .

(18)

ACCEPTED FOR PUBLICATION ON IET RADAR, SONAR & NAVIGATION. NOVEMBER 2011

14
On the other hand, error bounds determine the region of values around the expected value of an
estimator with a certain probability level (confidence). Figure 5 shows a sample pdf of the
estimated SNR for the values α dB = −18 dB and M = 200 . In Figure 5, αˆ dB , L and αˆ dB ,U
determine the lower and upper limiting values of the SNR defining a confidence interval of
(1 − ε )% such that

f Αˆ

dB

(αˆ

dB , L

< αˆ dB ≤ αˆ dB ,U ) =

αˆ dB ,U

∫

αˆ dB , L

f Αˆ (αˆ dB )dαˆ dB
dB

= FΑˆ (αˆ dB ,U ) − FΑˆ (αˆ dB , L ) .
dB

dB

(19)

 ε  ε 
= 1 −  −  
 2 2
= 1− ε
where FΑˆ

dB

(⋅)

is the cumulative density function (CDF) of αˆ dB and ε defines the confidence

level associated with αˆ dB , L and αˆ dB ,U . Thus, the values of αˆ dB , L and αˆ dB ,U can be easily
computed by fixing ε to a predefined value according to the design criteria (e.g. 0.05 or 0.1) as
ε 
αˆ dB , L = FΑ−1  
2
dB

αˆ dB ,U = F

−1
ΑdB

 ε
1 − 
 2

(20)

−1
where FΑdB ( ⋅) is the inverse CDF of αˆ dB . As it can be seen from Figure 5, αˆ dB , L and αˆ dB ,U

values are not equally distant from the expected value of the SNR estimate. This is due to the
fact that the pdf of the MML estimator is asymmetrical around its mean. Now, the upper and
lower bound ( UB and LB ) of the MML estimates around its expected value with a confidence
level of (1 − ε )% can be defined as
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UB = αˆ dB ,U − E[αˆ dB ]
LB = αˆ dB , L − E[αˆ dB ]

(21)

where αˆ dB , L and αˆ dB ,U are given by Eq.(20) and E[αˆ dB ] is given by Eq. (18). Even though it is
not directly evident from Eqs.(19) to (21), the values of UB and LB depend on the parameter T
or equivalently M . Thus, the value of T can be determined such that the estimated αˆ dB resides
within the desired error bounds with a (1 − ε )% confidence level.
Figure 6 (a) shows the bias of the estimated SNR values for different values of T . As expected,
the bias values decreases as T increases. Bias values are well within 0.1 dB for values of T
greater than 0.6 s. Figure 6 (b) shows the error bounds with a 95% confidence level for various
values of T . It can be observed that the error bounds are asymmetrical around the expected value
of SNR estimates. As expected, the size of the uncertainty region increases as the value of T
decreases. Thus, in order to achieve an error bound of ±2 dB with a 95% confidence for an
incoming signal with carrier power level of -160 dBm, the required total integration time is about
2 seconds.
Table 2 lists the confidence levels for three different input carrier powers for several values of T .
Here, a design requirement of ±2 dB is chosen as the limiting values for the upper and lower
error bounds for analysis purposes. For example, with T = 1 s, the probability value with which
the estimated carrier power levels are within ±2 dB of their true values are 98.1%, 82.6% and
56.4% for an incoming signal with power levels -155 dBm, -160 dBm and -165 dBm,
respectively. In this way, the value of T can be appropriately chosen depending on the desired
level of confidence. These results have been obtained by considering a static scenario. The
capabilities of the proposed approach can be limited by the user dynamics that can cause fast
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signal power variations. If these variations are faster than the duration of analysis window
adopted by the estimator, biases in the estimated C/N0 can arise. A trade-off between noise
rejection and biases in the estimated power level should thus be considered when selecting the
analysis window. This limitation is common to the majority of SNR estimators

Table 2: Confidence levels for three different input carrier power levels with an upper and
lower error bound of ±2 dB for various values of T.
Probability level (%) for ± 2 dB error
bound

T (s)

-155 dBm

-160 dBm

-165 dBm

0.2

72.4

47.1

33.3

0.4

87.2

61.7

40.0

0.6

93.6

71.2

46.3

0.8

96.6

77.8

51.7

1

98.1

82.6

56.4

1.5

99.5

90.2

65.6

2

99.9

94.2

72.4

6. SIMULATION ANALYSIS
In this section, the theoretical results presented in Sections 4 and 5 are validated using software
and hardware simulations. The distribution of the MML estimates has been at first evaluated
using a MC technique [12]. Here, the correlator outputs were simulated according to Eq.(3) and
provided as inputs to the SNR estimator. Later, the pdf of the SNR estimates was evaluated using
10000 MC simulation runs.
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In the hardware simulation analysis, a Spirent GSS 7700 hardware simulator was used to
simulate a realistic GPS scenario with multiple satellites in view. Figure 7 shows the test setup
adopted for validating the theoretical results using the hardware simulator. The Spirent GSS
7700 simulator was used in conjunction with a National Instruments (NI) signal analyzer to
collect synchronous digitized GPS Intermediate Frequency (IF) samples and later processed
using GSNRx-rrTM [1, 19], a GNSS software receiver developed at the University of Calgary. In
Figure 7, the output of the front panel of the GSS 7700 simulator was used to obtain weak GPS
signals with powers in the [-150 dBm, -160 dBm] range. The rear panel output (Mon/Cal port) of
the GSS 7700 simulator was used to obtain GPS signals with powers approximately 60 dB
stronger as compared to the front panel output [7]. The signal from the rear panel of the
simulator was used to aid the processing of the GPS weak signals coming out from the front
panel by providing data bits, code phase and carrier Doppler aiding. In this way, the
synchronization errors while processing the GPS weak signals were minimized.
The ability of the considered hardware setup to operate under a wide dynamic range of signal
powers was initially verified using the following approach. The carrier power in the hardware
simulator was varied from -125 dBm to -164 dBm in steps of 3 dB every one minute. According
to the manufacturer, the relative accuracy of the simulated carrier powers is within 0.05 dB.
Digitized IF samples obtained from the NI signal analyzer were processed using GSNRx-rrTM to
obtain 1 ms correlator outputs. The correlator outputs obtained in this way were then provided as
inputs to the SNR estimation algorithm. Finally, the estimated SNR values were mapped back to
the simulator port to obtain absolute carrier power levels. Figure 8 shows the estimated carrier
power levels for different values of T . It can be observed that the estimated carrier power level
values follow the simulated curve. As expected, the variance of the estimated values reduces for
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increased values of T . This validates the hardware measurement setup considered in this work
and shows the effectiveness of the considered SNR estimator for the characterization of low
signal powers.
In order to obtain reliable statistics of the SNR estimates, two different scenarios, each with eight
satellites in view, were simulated for approximately five minutes with fixed carrier power levels.
The power levels of all visible satellites were fixed to -152.5 dBm and -157.5 dBm in the first
and second scenario, respectively. Finally, the pdfs of the SNR estimates were evaluated
empirically using the SNR estimates obtained from all satellite measurements. The same pdfs
were estimated using the MC approach described above. The pdfs of the SNR estimates obtained
using the hardware simulator data and MC simulations are compared against the theoretical pdfs
in Figure 9. Two different integration times (0.2 s and 1 s) were considered for the analysis.
Approximately 24000 (for T = 0.2 s) and 4800 (for T = 1 s) independent SNR estimates were
used for evaluating the pdfs from the hardware simulator data. A kernel density estimation
technique [20] with Gaussian kernel was adopted to estimate the pdf in both the hardware and
MC approach. From Figure 9, it can be observed that the empirical pdfs are in good agreement
with the theoretical ones. This supports the theoretical results described in the previous sections.

7. CONCLUSION
In this paper, the accuracy and reliability of a modified ML C/N0 estimation algorithm was
analyzed for GPS weak signal scenarios. The bias values and error bounds associated with the
MML estimator were quantified using the theoretical pdf. It was shown that the minimum total
integration time required to attain a predefined accuracy can be determined by constraining the
estimator errors to lie in a specified confidence interval with a certain probability level. It was
shown that for a GPS signal with a carrier power level of -160 dBm, a total integration time of
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1.5 – 2 seconds is required to limit the estimator errors within ±2 dB with a probability level of
90 – 95%. Finally, the derived analytical results for the MML estimator were shown to be in
good agreement with hardware and software simulation results.
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Figure 1: Correlation process: the incoming signal is correlated with a locally generated
version of the signal code and carrier.
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Figure 2: Structure of the MML for SNR estimation. The variance of the noise is computed
externally using the correlator outputs determined from a non-existing PRN code.
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Figure 3: Comparison of pdfs of MML estimates under known and unknown noise
variance conditions.
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Figure 4: Comparison of the pdfs of the MML estimates under known and unknown noise
variance hypotheses for two different values of integration time.
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Figure 5: pdf of the estimated SNR showing the lower and upper limiting values for a
confidence interval of 1-ε.
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Figure 6: Bias values (a) and confidence intervals (b) of MML estimator for various values
of T for a 95% confidence level.
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Figure 7: Test setup for collecting synchronized GPS L1 C/A weak signals (front port) and
strong signals (rear Mon/Cal port) from the Spirent GSS 7700 GPS hardware simulator
using a National Instruments multiple RF signal analyzer.
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Figure 8: Estimated carrier power levels along with the true simulated power levels for
different coherent integration times.
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Figure 9: Comparison of the SNR distributions obtained using hardware simulated data,
MC simulations and theoretical results for carrier power levels of -152.5 dBm (a) and 157.5 dBm (b).
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