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ABSTRACT

As global navigation satellite systems thrive recently, there
are urgent need and demand for integrated modeling of
analog circuits such that the system performance can be
predetermined. This paper analyzes the errors of mixers and
complex filters within the analog front-end, and describes
their effects of nonidealities on image rejection, which isan
important indicator for the signal quality. It has shown the
design considerations for complex filters must take accountof
not only the out-of-band attenuation but also the components
instabilities per se as well. Besides, unavoidable I/Q imbalance
of analog mixers exacerbates the situation, hence it is useful
to acquire the design tolerance in advance for both mixers and
complex filters.

INTRODUCTION

Galileo global navigation satellite system is a worldwide pro-
gram launched by the European Union (EU) and the European
Space Agency (ESA), providing complementarity with the
existing GPS, and it will be Europe’s own navigation sys-
tem, offering a highly accurate, guaranteed global positioning
service. Satellite navigation is an advanced technology. It is
based on the signals emitted from satellites to indicate thetime
extremely precisely such that any individual can determine
his position or the location of any moving or stationary
object. Galileo is based on a constellation of 30 satelliteswith
ground controlling stations and will be inter-operable with
the omnipresent GPS. For instance, Galileo E1B/E1C shares
common central frequency with that of GPS L1 such that users
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Fig. 1. A typical image-rejected low-IF GPS/Galileo receiver.

will be capable to determine the position in the same receiver
assisted by any of these satellites in any combination.

Comparing different types of receiver architectures, a low-
IF (intermediate frequency) receiver brings a compromised
solution for GPS and Galileo commercial products [1], [2], [3].
It provides high level of integration for cost reduction while
avoiding the problem of D.C. offset that usually degrades
the system performance in a zero-IF receiver. However, the
image signal situated at twice the IF frequency from the
desired signal will jam into the signal band after being down-
converted to the intermediate frequency. Even in the absence of
interfering signals lying in the image band, ubiquitous thermal
noise can still ruin the carrier to noise ratio by a factor of 3dB
that is critical particularly in noisy environments, and could
be worse when strong interference exists.

Fig. 1 illustrates the structure of a typical low-IF receiver
where the carrier frequency of the received signal from the
antenna is 1575.42 MHz. The received signal is first selected
by the SAW filter and then amplified by the LNA. Because the
IF is 4.092 MHz, the amplified signal has to be mixed with a
LO of 1571.328 MHz. Therefore, a temperature compensated
crystal oscillator (TCXO) with the reference frequency of
16.368 MHz and a divider with the divide ratio 96 are used
to generate the desired single tone. Once the signal has been
down-converted to the IF, a complex filter not only provides
channel selection but also enhances resistance to the image
is commonly adopted. Since it requires its two inputs to be
quadrature, two mixers as shown in Fig. 1 are needed. The
signal level after complex filtering is adjusted by a variable
gain amplifier (VGA) and digitized by a 2-bit ADC.

In this paper, after briefly reviewing the fundamentals of
modulation used by GPS and Galileo, the mixer imbalance
model is formulated in subsequent section. Following the
discussion of mixers imbalance is the modeling of complex
filters where we demonstrate the design procedures for Gm-
C type complex filters and clarify the filter mismatch and
mixer imbalance can be modeled together in terms of transfer
functions. Final sections are the simulation results and the
conclusions that conclude this paper.

GPS/GALILEO SIGNALING ON L1 BAND

Both GPS and Galileo exploit direct sequence spread spec-
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Fig. 2. GPS/Galileo signal timing.

trum (DSSS) technique to transmit their ranging signals. The
nature of DSSS makes itself a good candidate for ranging
applications. By observing the received code phase after
Doppler wipe-off, one can determine the distance between the
transmitting satellite and the user. By decoding the ranging
message in the received signal, the position of the time when
the satellite started to transmit the signal can be resolved. With
both knowledge, the location of the receiving antenna can be
fixed.

Galileo satellites utilize binary offset carrier (BOC) modu-
lation to convey their ranging messages. The BOC modulation
differs from BPSK used by GPS in that it imposes an addi-
tional square-shaped subcarrier to the transmitting signal. In
literature [4], a BOC(m,n) representation specifies the subcar-
rier frequencyfsc = mf0 and the chip ratefc = nf0 where
the normalized frequencyf0 = 1.023 MHz. For example, a
BOC(1,1) signal has a subcarrier frequency of 1.023 MHz and
a code chip rate of 1.023 Mcps. Both signals can be expressed
mathematically as

sL1(t) = DL1(t)CL1(t) (1)

sE1B(t) = DE1B(t)CE1B(t)Sc(t) , (2)

whereDL1(t) and DE1B(t) are the navigation data of GPS
L1 and Galileo E1B, respectively. For simplicity, only the data
channel, E1B, is considered.CL1(t) is the coarse/acquisition
(C/A) spreading code for GPS L1 whileCE1B(t) is the
ranging code for Galileo E1B, and

Sc(t) = sign
(

sin(2πfsct)
)

, (3)

is the subcarrier. All of these binary signals are encoded using
rectangular pulse amplitude modulation with the non-return-
to-zero code.

The symbol rate of GPS L1 is 50 sps, that is, each binary
symbol takes 20 ms to transmit. There are totally 20 identical
C/A code periods within one data symbol, so each C/A code
period is 1 ms. Since one C/A code contains 1,023 chips, the
duration of each code chip is roughly about 977.5 ns. In terms
of Galileo E1B, each symbol duration is 4 ms at a symbol
rate of 250 sps. Since there are 4,092 chips within one E1B
spreading code, the code chip duration is the same as that of
GPS.
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Fig. 3. Mixer imbalance model.

As shown in Fig. 2, it can be seen the most apparent
difference in signaling for GPS and Galileo is the subcarrier
modulation. For GPS, in order to accommodate the main lobe
of its spreading signal, the front-end filtering should have
a passband bandwidth larger than 2.046 MHz. Due to the
subcarrier modulation of Galileo, the main lobe is translated to
bilateral sides with respect to the carrier frequency of thesig-
nal. The amount of translation is determined by the subcarrier
frequency that is 1.023 MHz for BOC(1,1). In consequence,
the filtering bandwidth for a GPS/Galileo receiver will have
to be at least greater than 4.092 MHz so as to receive the
two-side lobes.

MODELING OF I/Q IMBALANCE IN MIXERS

In order to model the imbalance of amplitude and phase
between in-phase and quadrature-phase signals generated from
the frequency synthesizer, each amplitude and phase compo-
nent is decomposed as the combination of a common-mode
and a differential signal. According to Fig. 1, define the
common-mode amplitudeacom and differential amplitudeadif

between I/Q as

acom =
aI + aQ

2
(4)

adif = aI − aQ , (5)

where aI and aQ are the amplitude components of I- and
Q-path, respectively, and the common-mode phaseθcom and
differential phaseθdif between I/Q are defined as

θcom =
θI + θQ

2
(6)

θdif = θI − θQ , (7)

whereθI andθQ are the phase components of I- and Q-path,
respectively. When the mixers are perfectly balanced, one can
expectaI = aQ and|θI−θQ| = π/2, that is, besides amplitude
components of I/Q are identical, phase difference between I/Q
is exactπ/2.

After rewriting the amplitude and phase component of I as

aI = (acom + adif/2) = acom(1 +
adif/2

acom
)

= acom(1 + ǫ)

θI = θcom + θdif/2

= θcom + θ , (8)

Complex BPF
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Fig. 4. Role of a complex bandpass filter in the front-end chain.

whereǫ ,
adif /2
acom

is the amplitude mismatch andθ , θdif/2
is the phase imbalance. In a similar way, it can be shown that
the quadrature-phase component of the synthesizer output can
be expressed as

aQ = acom(1 − ǫ)

θQ = θcom − θ . (9)

By doing so, the down-conversion process as shown in Fig. 3
can be viewed as first performing a mixing the RF signal
VRF (t) with an ideal LO. Afterwards, I-path and Q-path
signals are cross-coupled according to the phase imbalance
θ and then weighted by corresponding gain mismatch such
that the input signalsVI,I(t) andVI,Q(t) to the complex filter
can be expressed as

VI,I(t) = VRF (t)aI cos(ωLOt + θI)

= VRF (t)(1 + ǫ)acom

[

cos(ωLOt + θcom) cos θ

− sin(ωLOt + θcom) sin θ
]

= (1 + ǫ)
(

VX,I(t) cos θ + VX,Q(t) sin θ
)

VI,Q(t) = (1 − ǫ)
(

VX,Q(t) cos θ + VX,I(t) sin θ
)

. (10)

whereVX,I(t) andVX,Q(t) are the equivalent IF representa-
tion of RF signal.

MODELING OF COMPLEX FILTERS MISMATCH

In order to suppress the image signal, a complex bandpass filter
after quadrature mixing is usually adopted in a low-IF receiver
to pass the desired signal while attenuating the image signal. A
complex filter can be designed by translating a lowpass transfer
function into a complex bandpass one of which the asymmetric
frequency response is used to differentiate the signal and the
image. In general, complex filters take in-phase and quadrature
phase signals as its inputs and generate two outputs followed
by two analog to digital converters for digitalization. Thetwo
paths of digitized signals can be further processed by digital
complex filters for a better image suppression; nevertheless,
the trade-off for greater image rejection is the higher hardware
cost. For commercial products, the requirement of interference
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Fig. 6. Gm-C implementations for resistors and inductors.

rejection is not as stringent as for military usage. Therefore, we
will hereafter assume only one ADC is utilized for digitizing
analog samples, and analyze the tolerant imbalance between
I/Q mixers and mismatch of complex filters for adequate image
rejection.

The role of a complex BPF can be visualized by an example
depicted in Fig. 4 where the desired signal is located at±fRF

and the image is located at±fIMG = ±|fLO − fIF |. It is
worth noting that for GPS/Galileo system, unlike the given ex-
ample, the power spectrum density of the signal is far beneath
the noise density and is not perceivable by a spectrum analyzer.
For simplicity, both down-conversion mixers are assumed to
be ideal, i.e., they perfectly perform frequency translation,
shifting the received spectrum by an amount of−fLO. After
mixing, the desired signal is moved tofIF while the unwanted
image is located at−fIF plus some high frequency terms
which can be simply filtered out. For a conventional real BPF
with symmetric response, it will have equal gain for both the
signal and the image; therefore, the image power will definitely
degrades the reception performance. In contrast, as shown in
Fig. 4(b), the complex filter with an asymmetric response is
able to pass the signal and abate the image simultaneously,
improving the receiver sensitivity. After filtering, the real part
output of the complex filter is taken by one ADC, imposing
the residual image onto the signal as in Fig. 4(d), however,
if the complex filter is designed carefully, the residual image
power is negligible.

For implementation of the complex filter, a Gm-C based
lowpass filter [5], [6] originated from a LC-ladder prototype is
used as a starting point and the response shifting in frequency
domain is achieved by cross coupling transconductors between
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the I/Q paths. Consider a typical LC-ladder LPF shown
in Fig. 5 as an example, those component values can be
easily calculated [7] once the filter order and bandwidth are
determined. Because the resistors and inductors are disadvan-
tageous for integration, Gm-C implementations which use only
transconductors and capacitors provide a better solution.The
transformation formula is given in Fig. 6.

After replacement for the resistors and inductors in both I-
path and Q-path, we will have two LPFs that have exactly the
same response as their LC-ladder equivalence given that all
components are ideal. The complex response can be obtained
by inserting those transconductors (Gi) between I-path and Q-
path as shown in the Fig. 7. The amount of shifting is also
controlled by those transconductance as

Gi

Ci
= ωIF , for i = 1, . . . , 5 . (11)

Undoubtedly, if all of the filter building components—
transconductors and capacitors are perfect, the corresponding
complex transfer function will be ideal as well. However,
due to processing variations and layout imperfectness, those
transconductance and capacitance will deviate from their de-
signed values such that the image rejection ratio (IRR) will
drop according to the level of inaccuracy of these components.



TABLE I
DESIGNVALUES OF FILTER PARAMETERSB u t t e r w o r t hO r d e r C 1 C 2 C 3 C 4 C 5 B u t t e r w o r t hO r d e r C 1 C 2 C 35 1 . 9 2 p F 5 . 0 3 p F 6 . 2 2 p F 5 . 0 3 p F 1 . 9 2 p F 3 3 . 1 1 p F 6 . 2 2 p F 3 . 1 1 p FG G 1 G 2 G 3 G 4 G 5 G G 1 G 2 G 34 0

 
s 4 9 . 4 2

 
S 1 2 9 . 3 7

 
S 1 5 9 . 9 2

 
S 1 2 9 . 3 7

 
S 4 9 . 4 2

 
S 4 0

 
s 7 9 . 9 4

 
S 1 5 9 . 8 7

 
S 7 9 . 9 4

 
SC h b h C h b hC h e b y s h e v( 0 . 1 d B r i p p l e )O r d e r C 1 C 2 C 3 C 4 C 5 C h e b y s h e v( 0 . 1 d B r i p p l e )O r d e r C 1 C 2 C 35 3 . 5 8 p F 4 . 2 8 p F 6 . 1 6 p F 4 . 2 8 p F 3 . 5 8 p F 3 3 . 2 2 p F 3 . 5 8 p F 3 . 2 2 p F5 3 5 8 p 8 p 6 6 p 8 p 3 5 8 p 3 3 p 3 5 8 p 3 pG G 1 G 2 G 3 G 4 G 5 G G 1 G 2 G 34 0

 
s 9 1 . 9 6

 
S 1 0 9 . 9 5

 
S 1 5 8 . 3 6

 
S 1 0 9 . 9 5

 
S 9 1 . 9 6

 
S 4 0

 
s 8 2 . 8 4

 
S 9 2 . 1 4

 
S 8 2 . 8 4

 
S

Although using different type or order of filters will have
different level of attenuation, the components mismatch will
degrade the IRR performance no matter what kind of filters
are used. As a result, the distorted response due to components
mismatch needs careful consideration before actual implemen-
tation.

According to Fig. 8, it can be shown that the transfer
function of a complex filter can be realized by four real transfer
functions and the complex filter output is given by [8], [9]

VO,C(ω) = HS(ω)VI,C(ω) + HM (ω)VI,D(ω) , (12)

whereVO,C(ω) is the frequency response of

VO,C(t) = VO,I(t) + jVO,Q(t) , (13)

andVI,C(ω) andVI,D(ω) is the frequency response of

VI,C(t) = VI,I(t) + jVI,Q(t) , (14)

and

VI,D(t) = VI,I(t) − jVI,Q(t) , (15)

respectively. As shown above,VI,C(t) and VI,D(t) are com-
plex conjugate pair. That is, ifVI,C(t) is regarded as the
equivalent representation of the desired signal at the IF,
VI,D(t) is the mirror image of it. Besides,HS(ω) is the signal
transfer function of the complex filter and can be expressed
as

HS(ω) =

(

R1(ω) + R2(ω)
)

+ j
(

Q1(ω) + Q2(ω)
)

2
,

andHM (ω) is the mismatch transfer function of the complex
filter and is derived as

HM (ω) =

(

R1(ω) − R2(ω)
)

+ j
(

Q2(ω) − Q1(ω)
)

2
.

Ideally, given no mismatch of components,R1(ω) will equal
to R2(ω) and Q1(ω) will equal to Q2(ω) as well such that
HM (ω) will be zero andHS(ω) will be identical to its lowpass
counterpart except the central frequency is now situated atωIF

rather than at D.C.
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Fig. 9. An example of overall signal and mismatch transfer functions.

From (10) and (12), the effects of I/Q imbalance can be
included and the complex filter output can be reformulated as

VO,C(ω) = HST (ω)VX,C(ω) + HMT (ω)VX,D(ω) , (16)

where

HST (ω) = HS(ω)(cos θ − jǫ sin θ)

+HM (ω)(ǫ cos θ − j sin θ) , (17)

is the overall signal transfer function and

HMT (ω) = HS(ω)(ǫ cos θ + j sin θ)

+HM (ω)(cos θ + jǫ sin θ) . (18)

is the overall mismatch transfer function. Analogous to (14)
and (15),VX,C(ω) andVX,D(ω) is the frequency response of

VX,C(t) = VX,I(t) + jVX,Q(t) , (19)

and

VX,D(t) = VX,I(t) − jVX,Q(t) , (20)
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Fig. 10. HST (ω) andHMT (ω) of Butterworth and 0.1 dB ripple Chebyshev complex filters with the maximum of 1% independent components mismatch
of filters.
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Fig. 11. HST (ω) andHMT (ω) of Butterworth and 0.1 dB ripple Chebyshev complex filters with 5% amplitude and 5◦ phase imbalance of mixers.

respectively. A typical spectral representation forHST (ω) and
HMT (ω) is given in Fig. 9. It is obvious thatVX,C(ω) and
VX,D(ω) mirror with respect to D.C., andHST (ω) is responsi-
ble for retaining the signal portion of positive frequency while
image is rejected according to the stop-band attenuation ofthe
filter. Including the nonideal effects of I/Q mixers,HMT (ω)
let unwanted image of both positive and negative frequency
components into reception. Although the negative frequency
components ofVX,C(ω)HST (ω) andVX,D(ω)HMT (ω) could
be further mitigated by a digital complex filter in baseband,if
the complex filter output is sampled by two distinct ADCs
for both I/Q paths, the positive frequency component of
VX,D(ω)HMT (ω), however, is unable to be separated and
eliminated easily, particularly if the image signal is not aprior
information to the receiver.

From Fig. 9, there are three different sources of interference,
the first one is the image attenuated by the negative frequency
of HST (ω), the second is the signal attenuated by the negative

frequency ofHMT (ω), both interference are out-of-band, and
the third is the image attenuated by the positive frequency
of HST (ω) which is the in-band interference. Accordingly,
the receiver performance in terms of the carrier to noise ratio
(C/N ) can now link with the IRR as

C

N
=

C

N0 + NI
=

C

N0
·

1

1 + IRR−1 , (21)

whereNI are three additional interference power,N0 is the
ubiquitous AWGN, and IRR is defined as

IRR ,
N0

NI

=
|HST (ωIF )|2

|HST (−ωIF )|2 + |HMT (−ωIF )|2 + |HMT (ωIF )|2
.

(22)
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Fig. 12. IRR (dB) contour for Butterworth and 0.1 dB ripple Chebyshev complex filters with the maximum of 1% independent components mismatch of
filters.
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(a) Butterworth complex filters.
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(b) Chebyshev complex filters.

Fig. 13. IRR (dB) contour for Butterworth and 0.1 dB ripple Chebyshev complex filters with the maximum of 3%independent components mismatch of
filters.

SIMULATION RESULTS

For demonstration the usefulness of the proposed evaluating
method, the single stage down-conversion low-IF prototype
GPS/Galileo receiver is modeled with the IF located at 4.092
MHz. The receiver’s analog front-end contains a passive an-
tenna, two quadrature mixers, a Gm-C type complex filter and
one ADC. Two different types of response—Butterworth and
Chebyshev filters of both 5th- and 3rd-order are considered in
this work for comparing their performances of IRR. We tar-
geted for an IRR of 25 dB since it will introduce approximately
about 0.01 dB ofC/N loss [10] that is usually acceptable
in most cases. According to the Butterworth and Chebyshev
prototype of LC-ladder filters, the design parameters of filters
after Gm-C transformed are summarized in Table I where the
values ofGi are chosen for the purpose of having a frequency
shift of 4.092 MHz. CAD tool of Agilent Advanced Design
System (ADS) is adopted to build the testbed and Monte Carlo
simulation is used to verify the correctness of predicted IRR.

In order to evaluate the IRR performance based on (22),
both transfer functions ofHST (ω) andHMT (ω) are needed.
From (16),HST (ω) will be the transfer function ofVO,C (ω)

VX,C(ω) if
the mirror spectrumVX,D(ω) is zero, so will its time domain
representation given by (20) be, whose trivial solution canbe
found by settingVX,I(t) = 1 andVX,Q(t) = −j. That is,

HST (ω) =
VO,C(ω)

VX,C(ω)

∣

∣

∣

∣

VX,I (t)=1,VX,Q(t)=−j

, (23)

and HMT (ω) can be obtained in a similar way except alter-
nating the polarity ofVX,Q(t) as

HMT (ω) =
VO,C(ω)

VX,D(ω)

∣

∣

∣

∣

VX,I (t)=1,VX,Q(t)=j

. (24)

From previous discussion, the effects of mismatch transfer
function HM (ω) will be negligible if the complex filter is
perfectly matched. As a result, we consider the filter com-
ponents mismatch errors of maximum of 1% deviation from



their nominal values, but the amplitude and phase imbalance
of mixers are kept ideal first, the worst case scenario out of
50,000 independent runs are selected and plotted in Fig. 10.
Because the mixers are ideal, from (17) and (18), we have
HST (ω) = HS(ω) and HMT (ω) = HM (ω). According to
the simulation results, the signal transfer functionHS(ω) is
hardly affected by the mismatch, but the imbalance between
I-path and Q-path components do cause a large portion of
interference power on the reception which is predicted by
HM (ω).

As for the effects of mixers imbalance, filter mismatch
is temporarily ignored and 5% of amplitude imbalance and
5◦ phase imbalance are assumed. From both Fig. 11(a) and
Fig. 11(b), we can notice thatHST (ω) and HMT (ω) have
similar response except for a different gain. That is also
expectable because the mismatch transfer functionHM (ω) is
almost zero hence bothHST (ω) andHST (ω) are dominated
by the signal transfer functionHS(ω) and are weighted in
accordance withǫ and θ. Unlike the case of filter mismatch,
the overall mismatch transfer functionHMT (ω) will have a
higher gain within the signal band, that is, the interference
will directly intermix with the desired signal and cannot be
separated out in the following baseband unless the interference
is estimated and advanced DSP techniques are used to cancel
the interfering power.

In Fig. 12 and Fig. 13 where the maximum independent
errors of filter components are 1% and 3% respectively, the
worst case simulation results are given for both Butterworth
and Chebyshev filters. For all of the sub-figures, x-axis is
the phase imbalance (θ) in degree and y-axis is the relative
percentage of amplitude mismatch (ǫ). Because the filters are
nonideal, the centre of circles of these contour plots do not
locate on the point where both amplitude and phase mismatch
are zero. According to the simulation results summarized in
Table II, for a targeted IRR of 25 dB, both types of filters
have comparable tolerance for mixer imbalance, and because
of the better image rejection provided by higher order filters,
they possess relatively higher tolerance of mixers imbalance
comparing to their lower order counterparts. However, in a
hostile scenario where deliberate interference is encountered,
the required IRR needs to be increased in order to maintain
the same signal quality. In such situation, the tolerance region
for lower order filters is shrunk drastically that is also revealed
from the simulation results.

CONCLUSIONS

Nowadays a low-IF architecture draws lots of attention for
GPS/Galileo receiver not only for its cheaper implementation
cost but also for its promised performance. However, good
performance can be achieved only when the image problem is
carefully controlled and mitigated. Thus it is urged for compre-
hensively modeling both quadrature mixers and the following
complex filters that are main contribution to imperfect IRR in
the front-end. In this work, based on the approach to precisely
model both the I/Q imbalance of mixers and components
mismatch in complex filters, the linkage between IRR and

TABLE II
TOLERENCE OFM IXER IMBALANCE

5th-order
Butterworth

3rd-order
Butterworth

5th-order
Chebyshev

3rd-order
Chebyshev

1% independent errors of filter components

|ǫmax| [%] 4.2 3.8 4.2 3.2

|θmax| [◦] 2.8 2.9 3.0 2.7

3% independent errors of filter components

|ǫmax| [%] 1.0 0.2 0.4 n/a

|θmax| [◦] 1.8 2.6 2.3 n/a

Based on 25 dB IRR requirement.

C/N performance can further provide a better understanding
the effects of image on system performance and shed some
light on the requirement of IRR for a GPS/Galileo system
designer.
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