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Abstract ― Due to the increasing demands for location based
services within the wireless mass-market; there has been
relentless pressure to reduce both the chip area and power
dissipation of the user terminal. Low-IF receivers combine the
advantages
of
superheterodyne
and
direct-conversion
architectures offering a highly integrated solution while avoiding
the issues associated with DC offsets and flicker noise. The main
drawback of the low-IF architecture is its limited image rejection
due to analog impairments. In this paper, the sources of the
impairments are analyzed for a low-IF receiver operating at the
GPS/Galileo L1 band together with a novel low-complexity
solution to compensate for them in the DSP domain is proposed.
For processing the combined GPS/Galileo L1 signal, a signal
simulator we call GNSScope has been developed together with a
low-IF receiver model to analyze the influence of the analog
impairments The idea behind our proposed novel adaptive
compensator which estimates and compensates for the
imbalances and mismatches is that in the absence of these
mismatches no correlation exists between the desired and the
image channels, which is not the case when impairments are
present. Results show that through the deployment of the
proposed approach, image-rejection performance can be
enhanced by 75 dB. This enhancement in the image-rejection
performance subsequently results in relaxed analog front-end
specifications leading to high levels of integration making it
possible for highly integrated software-defined Global Navigation
Satellite Systems (GNSS) receiver to be realistically and
economically designed and implemented.

I.

However, zero-IF receivers suffer from corruption of the
signal by the DC offsets and flicker noise. One way to avoid
the problems associated with DC offsets and flicker noise is to
perform digitization at the IF. The low-IF architecture [4]-[6],
shown in Fig. 1, is a promising approach due to its
insensitivity to parasitic effects such as DC offset and flicker
noise, however, it demands higher image rejection which
hinders its widespread use in commercial applications.
L1 band, centered as 1575.46 MHz, currently contains the
GPS signal composed of the civilian C/A and the encrypted
P(Y) code. With the deployment of Galileo, three other
channels, L1-A, L1-B, and L1-C, will be available. Galileo
introduces Binary Offset Carrier (BOC) modulation, coherent
adaptive subcarrier modulation, and pilot signals [7], which
will offer superior performance in signal tracking, while
providing compatibility and interoperability with other signals
in the L1 band. As illustrated in Fig. 2, the GNSS L1 has a
null-to-null bandwidth of 32.73 MHz [8]. The next-generation
L1 band receiver should be able to receive and demodulate
this wideband for the enhanced operation. Compared to
conventional narrowband GPS receivers designed for the C/A
code reception, a wideband low-IF L1 receiver will have an IF
of at least 65 MHz.
In this paper, an analysis of the analog impairments leading to
limited image rejection is given and a low-complexity solution
to enhance the image rejection is proposed. Simulations are
carried out with the low-IF receiver model for GPS and
Galileo L1 signals. The rest of the paper is organized as
follows: Section II introduces analog impairments associated
with the quadrature downconverter and the complex filter.
Section III presents the proposed novel approach to
compensate for them in the digital domain. Section IV
presents the simulation results and finally Section V is the
concluding remarks.

INTRODUCTION

With the development of the European navigation system
Galileo and the modernization plans for GPS, it is apparent
that the civilian navigation signals will be in multiple bands
within the next decade offering various applications from
roadside assistance to medical services. Therefore, the next
generation navigation user terminal will have to be a multimode versatile wideband receiver in order to cope with
multiple bands and modulation schemes. In such a context, the
flexibility offered by Software Defined Radio (SDR) is
expected to become the dominant technology in GNSS
receiver development.
The zero-IF architecture has been considered as a suitable
candidate to realize SDR platforms [1]−[3] which utilize one
mixer stage to convert the RF signal directly to and from the
baseband without the need for external filters. This enables the
integration of the receiver on a single monolithic die.
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where IM(t) is the image of the desired signal RF(t), ωIF is the
intermediate frequency, u(t ) and i(t ) are the complex
envelopes of the received signals at ωRF and ωIM, respectively.
When I/Q imbalance is not present LO signal can be expressed
as
I LO + jQLO = cos(ωLOt ) − j sin (ωLOt ) = 2e− jωLOt .

(2)

In this ideal case, there will be no corruption in the downconverted signal constellation which can be written as

Figure 1. Low-IF Receiver Architecture for L1 Band

sIF (t ) = s(t )2e− jωLO t .
II. ANALOG IMPAIRMENT MODEL

(3)

However, due to I/Q imbalances the erroneous complex LO
signal, ILO + Q LO , incorporates gain and phase mismatches

A. I/Q Imbalance
Low-IF receivers utilize quadrature downconversion to
translate incoming signal from Radio-Frequency (RF) to an
Intermediate-Frequency (IF) near DC. The quadrature
downconverter suffers from a number of analog impairments
namely the gain and phase imbalances in the in-phase (I) and
quadrature (Q) paths of the receiver [9]-[11]. Sources of these
imbalances are the RF splitter used to divide incoming RF
signal between the I and Q paths, the differences in the length
of the two RF paths, and the imperfections in the quadrature
90˚ phase splitter. An analytical model of a quadrate downconverter with the gain and phase imbalances and complex
filter mismatch is illustrated in Fig. 3. In this model, gain and
phase imbalances are characterized by two parameters: the
gain mismatch, and the phase orthogonality mismatch,
between the I and Q branches.
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where g1=(1+0.5αε) and g2=(1−0.5αε) The output of the
frequency downconversion, ignoring the high frequency
components, is
ϕ
ϕ
ϕ
⎛ − j ϕε
⎛
j ε ⎞
j ε
−j ε ⎞
x (t ) = u(t ) ⎜ g1e 2 + g 2 e 2 ⎟ e jωIF t + u * (t ) ⎜ g1e 2 − g 2 e 2 ⎟ e− jωIF t +
⎜
⎟
⎜
⎟
⎝
⎠
⎝
⎠
ϕ
ϕ
ϕ
⎛ − j ϕε
⎛
j ε ⎞
j ε
−j ε ⎞
− jωIF t
2
2
2
2
+ g2e ⎟ e
+ i *(t ) ⎜ g1e − g 2 e
i(t ) ⎜ g1e
⎟ e jωIF t
⎜
⎟
⎜
⎟
⎝
⎠
⎝
⎠

1+

Welch Power Spectral Density Estimate

αε
2

(5)

∑

-60
GPS
Galileo

-65

Power/frequency (dB/Hz)

-70
-75
-80

1−
-85

αε
2

∑

-90
-95

Figure 3. Analog impairment model in low-if receivers
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The corresponding frequency domain representation of the
process is illustrated in Fig. 4. As one can observe from the
signal spectra in Fig. 4(b), the desired signal is translated to IF
along with interference from the image signal at −ωIM. The
desired signal is then retrieved by a complex filter, which will
be discussed in the next section.

Figure 2. GPS and Galileo Signals generetaded by GNSScope

The following is an outline analysis to demonstrate the effects
of analog impairments on receiver’s performance. The
incoming RF signal, s(t), consists of the desired signal at ωRF
and the image at ωIM= ωRF.− 2ωIF. Hence, s(t) can be written
as

{

} {

s(t ) = RF(t) + IM(t) = ℜ u(t )e jωRF t + ℜ i(t )e jωIM t

}

(1)
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In analog IC implementations, perfect matching of
components is not achievable. Component mismatch in a
complex filter can be modeled by perturbing poles and zeros
from their nominal values. For a single complex pole as
illustrated in Fig. 5, (7) and (8) give approximate expressions
for the pole position mismatch.

S( )
LO
fIF

-

-

RF

Interferer

IM

IM

(a)

Wanted
Signal

RF

Leaked LO

ωb1 = ωb (1 + Δωb )
ωb 2 = ωb (1 − Δωb )

(7)

ω IF 1 = ω IF (1 + Δω IF )
ω IF 2 = ω IF (1 − Δω IF )

(8)

X( )

IF

Figure 4.

(b)

IF

The desired, image, and LO signals (a) before frequency
conversion, (b) after frequency conversion.

The expressions for the complex pole outputs can be written
as

1
( xI (t ) + ωb1 yI (t ) − ωIF1 yQ (t ) )
s
1
yQ (t ) = ( xQ (t ) + ωb 2 yQ (t ) − ω IF 2 yI (t ) )
s

B. Complex Filter Mismatch
Complex filters in low-IF receivers employ cross coupling
between I and Q paths to achieve a frequency response that is
not symmetrical around DC in order to eliminate the undesired
components in the signal spectra as illustrated in Fig. 4(b). A
complex filter can be realized either by frequency shifting a
lowpass filter into complex bandpass or by employing a direct
synthesis with complex summers, amplifiers, and integrators
for deriving the complex transfer function [12].

yI ( t ) =

which illustrates the effect of mirroring form desired to
undesired frequencies and vice versa. Rearranging the terms in
(9) yields

For a first order lowpass filter of bandwidth ωb, applying the
frequency translation from DC to ωIF ( s → s − jω IF ) results
in the complex transfer function

H ( s) =

1
s − (ωb + jω IF )

y I (t ) =

(6)

xI(t)

∑

+

1s

xI (t )(ω IF − ω IF Δω IF ) + xQ (t )( s − ωb − ωb Δωb )
s 2 − 2ωb s + (ωb 2 − (ωb Δωb ) + ω IF 2 − (ω IF Δω IF )
2

xI (t )( s − ωb − ωb Δωb ) − xQ (t )(ωIF − ωIF ΔωIF )
s − 2ωb s + (ωb 2 − (ωb Δωb ) + ωIF 2 − (ωIF ΔωIF )

yI(t)

_

1
{R1 ( s ) − R2 ( s )} + j {Q1 ( s ) − Q2 ( s )}.
2

(13)

R1 ( s ) =

s − ωb 2
s − (ωb1 + ωb 2 )s + ωb1ωb 2 +ω IF 1ω IF 1

(14)

R2 ( s ) =

s − ωb1
s 2 − (ωb1 + ωb 2 )s + ωb1ωb 2 +ω IF 1ω IF 1

(15)

Q1 ( s ) =

ω IF 1
s − (ωb1 + ωb 2 )s + ωb1ωb 2 +ω IF 1ω IF 2

(16)

ΔH DIFF ( s ) =
where

+

1s

(11)

1
{R1 ( s ) + R2 ( s )} + j {Q1 ( s ) + Q2 ( s )} (12)
2
while component mismatch will introduce an undesired filter

ωb

∑

2

H AVG ( s ) =

ω IF

+

(10)

Due to the perturbations introduced, the desired signal at ωIF
will be filtered by an average transfer function

ω IF

xQ(t)

2

2

ωb

+

2

and
y Q (t ) =

The result of (6) is a single complex pole which cannot be
realized with a real filter. In order to realize the complex pole,
two matched filters can be used with cross-coupling as is
shown in Fig. 5 [4].
+

(9)

yQ(t)

Figure 5. Realization of a single complex pole with two real filters

2

2
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and
Q2 ( s ) =

ω IF 2
s − (ωb1 + ωb 2 )s + ωb1ωb 2 +ω IF 1ω IF 2
2

(17)

due to image leakage. There are three sources of interference
in the signal constellation in Fig. 6. These are image leakage
′ ( jω IF ) and the desired signal leakage through
through ΔH DIFF
′ ( − jω IF ) and H AVG
′ ( − jω IF ) . Hence, the image rejection
ΔH DIFF
ratio (IRR) can be defined as

Referring to Fig. 3, the output of the complex filter in can be
written as [13]
∗

Y ( s ) = H AVG ( s ) X ( s ) + ΔH DIFF ( s ) X ( s )

(18)

where X ∗ ( s ) is the complex conjugate of X ( s ) .
Incorporating gain and phase errors due to I/Q imbalance into
(18) results in

′ ( s )S IF ( s ) + ΔH DIFF
′ ( s )S IF ∗ ( s )
Y ( s ) = H AVG

1 −j
e
2
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2
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2

2

2
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(22)

2

′ ( − jω IF ) and H AVG
′ ( − jω IF ) determine
The values of ΔH DIFF
the out-of-band interference. The in-band IRR can be written
as

where
′ (s) =
H AVG

IRR =

(21)

′ ( jω IF )
H AVG

2

′ ( jω IF )
ΔH DIFF

2

(23)

III. DIGITAL IMPAIRMENT MITIGATION BLOCK
Our proposed solution to mitigate analog impairments is the
Digital Impairment Mitigation Block (DIMB) [11],[14]. which
is based on blind source separation by adaptive algorithms.
DIBM processes the digitized low-IF signals and estimates
and compensates the mismatches in real-time domain. The
idea behind the proposed approach is that in the absence of the
mismatches no correlation exists between the desired and the
image signals.

Fig. 6 shows the signal constellation defined in (19) ignoring
the high frequency components.
′ (s)
H AVG

Figure 7. Structure of the DIMB

′ (s)
ΔH DIFF

In the proposed approach the filter block consists of 2-taps, w1
and w2. Output signals cI and cQ can be expressed as a function
of transmitted signals sI and sQ as:
c I ( k ) = (1 − w1h2 ) s I ( k ) + ( h1 − w1 ) sQ ( k )
cQ ( k ) = ( h2 − w2 ) sI ( k ) + (1 − w2 h2 ) sQ ( k )
Figure 6.

(24)

where h1 and h2 can are functions of gain and phase errors and
component mismatches which depend on the complex filter
type and order. When the filters converge, i.e. w1=h1 and
w2=h2 , the source estimates become:

Illustration of (20), (21), and (18)

C. Image Rejection Ratio
A measure of the influence of the effects of the analog
impairments can be performed by Image Rejection Ratio
(IRR). IRR is defined as the attenuation of the desired signal

c I ( k ) = (1 − h1h2 ) s I ( k )
cQ ( k ) = (1 − h1h2 ) sQ ( k )
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(25)

image rejection compared to that of the conventional GPS
receiver.

Frequency content [dB]

As can be observed from (25) the influence of the analog
impairments has been removed. However, both I and Q
channels are scaled by (1-h1h2) which can be safely ignored.
The coefficient update can be done with any adaptive
algorithm depending on the desired performance with leastmean-square and recursive-least-squares algorithms being the
most obvious ones resulting in different convergence speeds
and computational complexities.
IV. SIMLATION RESULTS

Frequency content [dB]

In order to study, analyze and evaluate the performance of our
approach, a low-IF transmission reception model is developed
as illustrated in Fig. 8. In this model, a GPS/Galileo signal
generator for L1 band is used for the desired signal while an
M-PSK signal of bandwidth 32 MHz is used for the image
centered at 1444.54 MHz. Quadrature downconverter and the
fourth order complex Butterworth filter of bandwidth
32.73MHz incorporates the analog impairments. The outputs
of the simulator are the complex baseband signals of the
desired GNSS L1 and the image which are fed into the DIMB.

L1 Band
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x 10
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Figure 9. Output of the forth order complex Butterworth filter for a fixed
gain error of %1 and phase error of 0.2 radians with (a) %0.5 component
mismatch (b) %1 component mismatch…

V. CONCLUDING REMARKS
Due to the increasing demands for wireless services, user
terminal is required to be compact, low-power and low-cost.
Receiver architectures that offer integration on a single
monolithic die suffer from I/Q and component mismatches. In
this paper, the sources for these impairments are analyzed and
a low-complexity solution to compensate for them is
proposed. Simulation results show that by using the DIMB,
image-rejection-performance can be enhanced by 75 dB. This
results in relaxed analog front-end specification enabling high
levels of integration and leading a path to single chip GNSS
receiver.

∑

Figure 8. Low-if transmission and reception model

The output of the complex filter is shown in Fig. 9. As seen
in figure, for a fixed gain and phase error, the value of
′ ( − jω IF ) increases with the component mismatch factor
ΔH DIFF
of the complex filter. In contrast, I/Q imbalances contribute to
′ ( jω IF ) . The IRR as a function of gain and phase errors
ΔH DIFF
and component mismatches is plotted in Fig. 10 while the
output of the DIMB is given in Fig. 11. After compensation,
the image rejection is improved up to 75 dB. It has previously
reported that an image rejection of 20 to 25 dB is adequate for
the reception of the C/A code [6],[15] since the IF can be
conveniently selected below 8 MHz. For this choice the image
lies in the L1 band and mainly consists of thermal noise.
However, this is not the case when dealing with the wideband
L1 signal. Furthermore, Galileo signals for E5 and E6 will
introduce wider bands than L1 hence the next-generation lowIF GNSS receivers will demand dramatic enhancements in
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Image Rejection Ratio as a Function of I/Q Phase and Gain and Filter Errors
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Figure 10. IRR as a function of I/Q imbaalnces and complex filter component mismatch (a) 0.5% (b) 1%.
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