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Abstract—In the context of satellite-based positioning, the
problem of range-estimation with low resolution analog-to-digital
conversion (ADC) is considered. While ADC with coarse output
resolution degrades the positioning performance of Global Navigation Satellite System (GNSS) receivers, it’s simplicity allows to
realize sampling at high spatial and temporal rates in an energy
and hardware efficient way. Therefore, here the achievable rangeestimation accuracy of GNSS receive systems with 1-bit ADC
resolution, multiple antennas and high receive bandwidths is analyzed. For different scenarios, including multi-path propagation
and the presence of broadband interference, we investigate the
scaling behavior of the estimation performance when increasing
the number of receive antennas or the sampling rate. Results for
all considered scenarios show that if a moderately higher number
of antennas or a moderately faster temporal rate is used, 1-bit
GNSS receive systems have the potential to outperform ideal
receivers with infinite ADC resolution. This insight emphasizes
that a receiver architecture with 1-bit ADC has the potential to
play an important role for future low-cost receivers as well as for
sophisticated energy efficient high-performance GNSS systems.
Index Terms—1-bit ADC, signal parameter estimation,
satellite-based positioning

I. I NTRODUCTION
The development of high-performance GNSS receive systems becomes challenging if one imposes strict constraints
on the available power, chip-size or money budget. As the
operation of critical infrastructure like mobile communication
systems, electric distribution networks or financial trading
systems can depend on correct time synchronization attained
through a GNSS receive system, robustness against interference and multi-path propagation is another important requirement that should be met by the receiver design without violating the limitations defined by the available hardware. Under
the assumption, that the receive system operates on the basis
on an efficient estimation algorithm, two fundamental design
options exist in order to attain higher positioning accuracy
and robustness against channel imperfections like multi-path
propagation or interference. One is to extend the amount of
receive antennas, the other is to implement a higher receive
bandwidth through a faster temporal sampling rate. However,
these alternatives both increase the complexity of the receiver,
especially as the ADC forms a bottleneck when heading at
a low-complexity design [1]. With multiple receive sensors
each antenna requires it’s own radio front-end and therefore
an individual ADC. High temporal sampling rates become
inefficient at high amplitude resolution with b output bits as the
power dissipation of the ADC increases exponentially O(2b ).
 

   



An interesting approach which allows to simplify the design
of the GNSS receive front-end in a radical way is to use ADC
with 1-bit output resolution. If a symmetric hard-limiter is
used to map the analog continuous-time signal to a digital
discrete-time representation, the ADC device can be realized
by a single comparator and does not require an automatic
gain control (AGC) which adjusts the signal level at it’s
input. This reduces the complexity of the analog radio frontend associated with each receive sensor significantly. Further,
basic digital signal processing operations involving the receive
signal can be performed in an efficient way. For example,
correlation of the receive signal with a local signal replica
can be calculated without using multiplications. However, 1-bit
ADC is a highly non-linear and non-bijective operation which
inherently comes with a performance-loss. Fortunately, it turns
out that for scenarios with low signal-to-noise ratios (SNR)
like encountered in GNSS applications, the information-loss
is tolerable with −1.96 dB. Therefore, on the one hand 1-bit
ADC is an attractive option if one is interested in reducing
the energy consumption and complexity of a mobile GNSS
receive system. On the other, the simplicity of the front-end
with 1-bit ADC can be used to realize receivers with multiple
antennas and high sampling rates. As the amount of antennas
and the receive bandwidth strongly determine the achievable
positioning accuracy and the robustness against multi-path
propagation and interference, a receiver architecture with 1bit ADC also bears the potential to enable the development
of robust high-performance receive systems with moderate
energy and hardware requirements.
A. Contribution
In the light of the benefits which are provided by 1-bit ADC
in the context of GNSS and the small associated performanceloss, the question arises if such a front-end architecture has
the capability to dominate future GNSS receiver markets.
Here we approach this aspect by investigating the performance
of 1-bit GNSS systems when the number of antennas or
the temporal sampling rate is increased. In particular we
demonstrate the performance gains that can be achieved in
critical scenarios with multi-path propagation and broadband
interference. Results show that besides multiple antennas, the
receive bandwidth is a crucial design criterion for robust highperformance GNSS receive systems. The possible performance
gain clearly outweighs the loss introduced by coarse signal amplitude resolution. The envisioned 1-bit ADC front-
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end technology allows to exploit this conceptual degree-offreedom for the receive system design in a highly efficient
way.
B. Related Works
In [2] and [3] early discussions on signal quantization and
estimation of signal parameters from quantized observations
are found. In [4] [5] [6] the authors study channel parameter
estimation based on a 1-bit quantizer. Quantization has also
been discussed extensively in the area of communications and
information theory. The authors in [7] showed, that the channel
capacity of a quantized AWGN channel can be increased if
the sampling rate is increased while in [8] the benefits of
an adjusted quantization threshold is discussed. Recently, [9]
derived a lower bound on the capacity of quantized MIMO
channels with noise correlations. In the context of GNSS, [10]
discusses quantization-losses and [11] considers the possibility
to improve the SNR of the correlator output with a quantized
receive signal by using high sampling rates and reducing the
receive bandwidth. In [12] [13] it was shown that adjusting
the analog pre-filter prior to the ADC allows to partially
compensate the quantization-loss without increasing the digital
complexity of the GNSS receive system.
II. S YSTEM M ODEL
On the following pages, we assume a GNSS receiver with
an uniform linear array (ULA) which consists of M antennas.
The antennas are placed with a spacing corresponding to
half the carrier wavelength. Each antenna has an analog inphase output yI,m (t) ∈ R and an analog quadrature output
yQ,m (t) ∈ R. The overall analog GNSS receive signal from
all sensors can be written in vector notation by
�
�T
y(t) = y TI (t) y TQ (t) ∈ R2M ,
(1)
with y I (t) ∈ RM , y Q (t) ∈ RM and
�

y I/Q (t) = yI/Q,1 (t)
A. Receive Signal Model

yI/Q,2 (t)

...

yI/Q,M (t)

�T

. (2)

The coherent and doppler-compensated receive model
y(t) =A(ζS )x(t − τS ) + γP A(ζP )Φ(φP )x(t − τP )+
+ A(ζJ )z(t) + η(t)

(3)

is assumed to be comprised by a line-of-sight satellite signal
x(t − τS ) ∈ R2 , a multi-path component x(t − τP ) ∈ R2 ,
broadband interference z(t) ∈ R2 and sensor noise η(t) ∈
R2M . The line-of-sight satellite signal x(t − τS ) impinges on
the array under the angle ζS ∈ R with time-delay τS ∈ R,
while the multi-path component x(t − τP ) arrives attenuated
by γP ∈ R with a time-delay τP ∈ R, angle ζP ∈ R and
phase-offset φP ∈ R. The interference z(t) results from a
single broadband signal source which is located such that the
signal arrives at the array with an angle of ζJ . The described
receive setup is depicted in Fig. 1. The steering matrix as a

GNSS Rx
Fig. 1.

GNSS receive setup with multi-path and interference

function of the angle-of-arrival ζ
�
�T
A(ζ) = ATI (ζ) ATQ (ζ) ∈ R2M ×2 ,

(4)

is determined by the steering matrix corresponding to the inphase sensor outputs


α1 (ζ) β1 (ζ)
 α2 (ζ) β2 (ζ) 


M ×2
AI (ζ) =  .
(5)
..  ∈ R
 ..
. 
αM (ζ) βM (ζ)
and the steering matrix associated with the quadrature outputs


−β1 (ζ) α1 (ζ)
 −β2 (ζ) α2 (ζ) 


M ×2
AQ (ζ) = 
,
(6)
..
..  ∈ R

.
. 
−βM (ζ)

αM (ζ)

where for both matrices the single entries are given by
�
�
αm (ζ) = cos (m − 1)π sin (ζ)
�
�
βm (ζ) = sin (m − 1)π sin (ζ) .

(7)

The channel phase-offset is modeled by the rotation matrix
�
�
cos (φ) − sin (φ)
Φ(φ) =
∈ R2×2 .
(8)
sin (φ)
cos (φ)
The transmit signal of the GNSS satellite consists of an inphase and a quadrature transmit component
�
�√
�T
x(t) =
(9)
ρCxI (t)
(1 − ρ)CxQ (t) ∈ R2 ,

where C is the carrier power in Watts and 0 ≤ ρ ≤ 1
determines the power allocation between the in-phase and
quadrature component. The interference signals zI/Q (t)
�
�T
z(t) = zI (t) zQ (t) ∈ R2 ,
(10)
are approximated as independent, temporally white and widesense stationary Gaussian random processes with bandwidth
BJ and flat power spectral density N2J Watts per Hertz. Similar
the sensor noise
�
�T
η(t) = η TI (t) η TQ (t) ∈ R2M
(11)
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consists of 2M independent and wide-sense stationary Gaussian random processes
�
�T
η I/Q (t) = ηI/Q,1 (t) ηI/Q,2 (t) . . . ηI/Q,M (t)
(12)
with flat power spectral density

N0
2

Watts per Hertz.

where Bz = min(BJ , B). With the assumption that the
interference z and the sensor noise η are independent, the
overall covariance of the receive signal (13) is given by
�
�
R(θ) = E wwT
= Rz (ζJ ) + Rη

= A(ζJ )AT (ζJ ) ⊗ T z + 12M ⊗ T η .

B. Sampling Process
Band-limiting the 2M analog receive signals y(t) by ideal
low-pass filters with one-sided bandwidth B and sampling at
a rate of fs = T1s with fs ≥ 2B, results in a digital receive
signal of the form
y = (A(ζS ) ⊗ 1N )x(τS ) + γP (A(ζP )Φ(φP ) ⊗ 1N )x(τP )+
+ (A(ζJ ) ⊗ 1N )z + η

(13)

= s(θ) + w,

where we summarize the channel parameters in the vector
�
�T
θ = ζ S τS ζ P φ P τP ζ J ∈ R 6
(14)

(21)

C. Amplitude Quantization
In the following we assume, that the ADC for each of the
M output channels is a symmetric hard-limiter, such that the
final digital receive data r ∈ {−1, 1}2M N is
� �
r = sign y ,
(22)
where the element-wise signum-function is defined
�
+1 if y i ≥ 0
[sign(y)]i =
−1 if y i < 0.

(23)

III. P ERFORMANCE M EASURE

and for notational convenience use

In order to discuss the performance of the receiver in a
s(θ) = (A(ζS ) ⊗ 1N )x(τS ) + γP (A(ζP )Φ(φP ) ⊗ 1N )x(τP ) compact analytical way, it is assumed that the maximumw = (A(ζ ) ⊗ 1 )z + η.
(15) likelihood estimator (MLE)
J

N

The entries of the signal vectors are given by
�
�T
x(τ ) = xTI (τ ) xTQ (τ )
�
�T
z = z TI z TQ
�
�T
η = η TI η TQ
�
�T
η I/Q = η TI/Q,1 η TI/Q,2 . . . η TI/Q,M ,

θ̂(r) = arg max ln p(r; θ)
θ

(16)

with

�
�T
xI (τ ) = xI (−τ ) . . . xI ((N − 1)Ts − τ )
�
�T
xQ (τ ) = xQ (−τ ) . . . xQ ((N − 1)Ts − τ )
�
�T
z I/Q (τ ) = zI/Q (0) . . . zI/Q ((N − 1)Ts )
�
�T
η I/Q (τ ) = ηI/Q (0) . . . ηI/Q ((N − 1)Ts ) .

The covariance matrix of the random interference is
�
�
Rz (ζJ ) = (A(ζJ ) ⊗ 1N ) E zz T (A(ζJ ) ⊗ 1N )T

= (A(ζJ ) ⊗ 1N )(12 ⊗ T z )(A(ζJ ) ⊗ 1N )T
= A(ζJ )AT (ζJ ) ⊗ T z ,

= 12M ⊗ T η .

[T z ]ij = Bz NJ sinc (2Bz Ts |i − j|)

(26)

also known as the Cramér-Rao lower bound (CRLB). The FIM
is defined by
�
�2
�
∂ ln p(r; θ)
dr,
(27)
F (θ) =
p(r; θ)
∂θ
R
A. Pessimistic Performance Characterization

(18)

As the analytic description of F (θ) is difficult for signal
models with noise correlation, in the following an approximation F̃ (θ) of the FIM is used which exhibits the property
F (θ) � F̃ (θ),

(19)

The entries of the temporal covariance matrices T z and T η
depend on the signal bandwidth and the sampling rate
[T η ]ij = BN0 sinc (2BTs |i − j|) .

for sufficiently many samples N can be characterized through
the inverse of the Fisher information matrix (FIM)

where R is the support of the binary receive vector r.

while for the sensor noise
�
�
Rη = E ηη T

is used for estimation of the channel parameters θ. As the
MLE is asymptotically unbiased and efficient, the mean square
error matrix
��
��
�T �
RMSE (θ) = E θ̂(r) − θ θ̂(r) − θ
,
(25)
RMSE (θ) = F −1 (θ),

(17)

(24)

(20)

(28)

and therefore assures that F̃ (θ) yields a pessimistic performance characterization. With the parametric moments
�
µ(θ) =
rp(r; θ)dr
�R
�
��
�T
C(θ) =
r − µ(θ) r − µ(θ) p(r; θ)dr,
(29)
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R

a pessimistic form of the FIM is given by [15]
�
�T
�
�
∂µ(θ)
∂µ(θ)
F̃ (θ) =
C −1 (θ)
.
∂θ
∂θ

The first moment can be calculated element-wise by
�
�
[s(θ)]i
[µ(θ)]i = erf �
,
2[R(θ)]ii

(30)

(31)

where erf (z) is the error-function. Further, the diagonal of the
second moment is found by calculating
[C(θ)]ii = 1 − [µ(θ)]2i ,

(32)

while the off-diagonal entries are given by
�
��
�
[C(θ)]ij = 4Φij (θ) − 1 − [µ(θ)]i 1 − [µ(θ)]j ,

(33)

where Φij (θ) is the cumulative density function (CDF) for the
bivariate Gaussian distribution
�� � �
��
�
�
0
[R(θ)]ii [R(θ)]ij
p ζi, ζj = N
,
(34)
0
[R(θ)]ji [R(θ)]jj
�
�T
with upper integration boarder −[s(θ)]i −[s(θ)]j . The
derivative of the first moment is found element-wise by
�
[s(θ)]2
�
i
�
�
−
∂µ(θ)
2 e 2[R(θ)]ii ∂[s(θ)]i
�
=
−
∂θ i
π [R(θ)]ii
∂θ
�
[s(θ)]i ∂[R(θ)]ii
−
,
2[R(θ)]ii
∂θ
(35)
with the derivatives
�
∂[s(θ)]i
i
= ∂[s(θ)]
∂ζS
∂θ

∂s(θ)
∂ζS
∂s(θ)
∂τS
∂s(θ)
∂ζP
∂s(θ)
∂φP
∂s(θ)
∂τP
∂s(θ)
∂ζJ
∂Φ(φ)
∂φ
∂[R(θ)]ii
∂θ

∂[s(θ)]i
∂τS

∂[s(θ)]i
∂ζP

∂[s(θ)]i
∂φP

∂[s(θ)]i
∂τP

∂[s(θ)]i
∂ζJ

�

� ∂A(ζ )
�
S
⊗ 1N x(τS )
∂ζS
�
� ∂x(τS )
= A(ζS ) ⊗ 1N
∂τS
� ∂A(ζ )
�
P
= γP
Φ(φP ) ⊗ 1N x(τP )
∂ζP
�
�
∂Φ(φP )
= γP A(ζP )
⊗ 1N x(τP )
∂φP
�
� ∂x(τP )
= γP A(ζP )Φ(φP ) ⊗ 1N
∂τP
=

=0
�
�
− sin (φ) cos (φ)
=
− cos (φ) − sin (φ)
�
�
= 0 0 0 0 0 ∂[Rz∂ζ(ζJJ )]ii .

The derivatives of the transmit signal associated with the timedelay are found by
∂x(τ ) � ∂xT (τ ) ∂xTQ (τ ) �T
I
=
∂τ
∂τ
∂τ
∂[xI/Q (τ )]i
dxI/Q (t) ��
=−
.
(37)
�
∂τ
dt
t=(i−1)Ts −τ
Note, that the entries of the exact FIM for an ideal receiver
which has access to the data y with infinite resolution is [14]
�
�T
�
�
∂s(θ)
∂s(θ)
−1
[F ∞ (θ)]ij =
R (θ)
∂[θ]i
∂[θ]j
�
�
1
∂R(θ) −1
∂R(θ)
−1
+ tr R (θ)
R (θ)
. (38)
2
∂[θ]i
∂[θ]j
IV. R EFERENCE S YSTEM AND R ELATIVE P ERFORMANCE
In order to analyze the potential of 1-bit GNSS receivers
with multiple antennas and high sampling rates, we will compare the achievable ranging accuracy of different receive setups
to an ideal reference system with infinite ADC resolution.
A. Ideal Reference System
In all scenarios the transmitter is a satellite of the American
GPS system sending C/A - L1 signals [16] with a symbol
duration of Tc = f1c at a carrier frequency of 1575.42 MHz.
The reference frequency of the system is fc = 1.023MHz. The
transmit signal is limited to a one-sided bandwidth of Bt =
11.253 MHz (main-lobe and 5 side-lobes) at the satellite and
a I/Q power allocation of ρ = 1 is assumed. For the reference
receive system with infinite ADC resolution, we assume M =
2 antennas and a receive strength of C/N0 = 45.0 dB at each
sensor. After demodulation to baseband, the ideal reference
receiver band-limits the receive signal of each antenna to a
one-sided bandwidth of Br = 1.023 MHz (main lobe) by
using an ideal low-pass filter and samples at a rate of fs =
2.046 MHz with infinite ADC resolution for a duration of
To = 1 ms.
B. Relative Performance
In the following the focus will lie on the accuracy of the
pseudo-range measurement τ̂S for a single satellite which is
given by
�
�
MSE(τ̂S ) = F −1 (θ) 22
(39)

(36)

and is directly related to the accuracy of the final positioning solution of the GNSS system, which is calculated from
the pseudo-range measurements of all in-view satellites. In
order to compare different receive systems with infinite ADC
resolution to the reference system, we introduce the relative
performance measure
� � −1 � �
F ∞ (θ) 22
�
χ∞ = 10 log � −1
,
(40)
F REF (θ) 22

1036

is used. These relative performance measures allow to characterize the gain or loss as equivalent SNR. For example,
a system which exhibits χ = 3.0 dB attains the same
performance as the reference system with the satellite using
the double amount of transmit power. Note that in such case
the root mean square error (RMSE) of the positioning solution
is diminished accordingly by a factor of √12 .

8
6

χ in dB

while for a comparison of a receive system with 1-bit ADC
to the reference system the relative performance measure
� � −1 � �
F̃ (θ) 22
�
χ1-bit = 10 log � −1
,
(41)
F REF (θ) 22

4
2
0

V. GNSS P ERFORMANCE A NALYSIS

−2

For the analysis we consider three different scenarios:

χ∞
χ1-bit
2

3

4

A. Line-of-Sight Scenario
The first scenario assumes a simple line-of-sight receive
situation without multi-path and interference (see Fig. 2). In

Fig. 3.

5

6
M

7

8

9

10

Performance vs. number of antennas M

antennas. In contrast Fig. 4 shows the scaling behavior of the
estimation performance as a function of the receive bandwidth
κ. Therefore, under the relative performance measure χ∞ an

8

χ in dB

6

GNSS Rx
Fig. 2.

Line-of-sight GNSS receive setup

this case, the receive signal model (13) simplifies to
y = (A(ζS ) ⊗ 1N )x(τS ) + η
= s(θ) + η,

where the channel parameters are
�
�T
θ = ζ S τS .

4
2
0

(42)

−2

1

2
Fig. 4.

(43)

The angle of the direct path is ζS = 0. In order to visualize
the performance in correspondence with the number of receive
antennas M , Fig. 3 visualizes χ∞ , where a system with M
antennas working at Br = 1.023 MHz and sampling rate
fs = 2Br is compared to the reference system with M = 2. It
can be observed that doubling the number of receive antennas
results in a gain of χ = 3.0 dB. This is also true for systems
with 1-bit ADC, which show a performance χ1-bit that lies in
general −2.0 dB below the performance of receivers with ideal
ADC. The result indicates that using a 1-bit GNSS receiver
with M = 3 antennas allows to approximately attain the same
performance than with the ideal reference system with M = 2

χ∞
χ1-bit
3
κ

4

5

Performance vs. receive bandwidth Bs

ideal receive system with infinite ADC resolution, M = 2
antennas, receive bandwidth Br = κ · 1.023 MHz, κ ≥ 1
and sampling rate fs = 2Br is compared to the reference
system operating at κ = 1. In parallel the figure of merit
χ1-bit is depicted to show the relative performance of a system
with 1-bit ADC. Interestingly, it is observed that the receive
bandwidth is a crucial design criterion for high-performance
GNSS systems as it allows to increase the performance of
the positioning solution significantly. This is due to the fact
that for the Fisher information of the time-delay parameter
τS the SNR exhibits a quadratic weight with respect to the
frequency. As the spectral power density of the satellite signal,
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16
14
12
10
χ in dB

and consequently the SNR decays quadratic with frequency,
a linear growth of the accuracy, similar to the case with
M antennas, is observed. The 1-bit GNSS receive systems
benefit from the same effect while their performance χ1-bit in
this scenario lies constantly −2.0 dB below the performance
of the receivers with ideal ADC. Consequently, with 1-bit
ADC sampling at a temporal rate of approximately κ = 1.5
is sufficient to outperform the ideal reference system with
κ = 1.0.

8
6

B. Multi-path Scenario

4

The following scenario assumes that the GNSS satellite
is received through the line-of-sight path with an additional
multi-path component (see Fig. 5). The receive signal model

2

χ∞, MPF
χ∞
χ1-bit

0
−2

2

Fig. 6.

3

4

5

6
M

7

8

9

10

Estimation performance versus number of antennas M

by χ1-bit = 3.71 dB under multi-path propagation. Fig. 7
shows a similar comparison where the performance scaling
as a function of the receive bandwidth κ is visualized. With

16
14

GNSS Rx

12

GNSS receive setup with multi-path propagation

10

(13) therefore simplifies to
y = (A(ζS ) ⊗ 1N )x(τS ) + γP (A(ζP )Φ(φP ) ⊗ 1N )x(τP ) + η
(44)

= s(θ) + η

with the channel parameter vector
�
θ = ζ S τS ζ P φ P

�
τP .

χ in dB

Fig. 5.

8
6
4
2

(45)

The time-delays of the direct path and the multi-path component are chosen such that ∆τ = τP − τS = 0.1Tc while the
π
angles are ζS = 0 and ζP = 16
. The multi-path attenuation
is set to γP = 0.5, i.e. −3.0 dB in comparison to the
direct path, and the phase offset is φP = 0. In order to
investigate the GNSS performance scaling under multi-path
propagation in correspondence with the number of antennas,
Fig. 6 visualizes the relative performance χ∞ with respect to
an ideal receive system with infinite ADC resolution, M = 2
antennas, Br = 1.023 MHz and sampling at a temporal rate
fs = 2Br . It becomes clear that the positioning performance
is increased substantially if a higher number of antennas M is
used. In this specific GNSS scenario using M = 6 instead
of M = 2 antennas with ideal ADC allows to attain the
same performance as in a multi-path free scenario (MPF,
dashed line). The 1-bit GNSS system with M = 3 antennas
already outperforms the ideal reference system with M = 2

χ∞, MPF
χ∞
χ1-bit

0
−2

1

Fig. 7.

2

3
κ

4

5

Estimation performance versus receive bandwidth Bs

the performance measure χ∞ an ideal receive system with
infinite ADC resolution, M = 2 antennas, receive bandwidth
Br = κ · 1.023 MHz, κ ≥ 1 and sampling rate fs = 2Br
is compared to the reference system operating at κ = 1. It
becomes obvious that also the receive bandwidth κ can be used
to mitigate the effect of multi-path propagation. Increasing the
receive bandwidth by factor κ = 5 with ideal ADC allows to
attain the same performance as in a multi-path free scenario
(MPF, dashed line). It is observed that in the considered case
already with κ = 1.35 the 1-bit system outperforms the ideal
reference receiver.
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C. Broadband Interference Scenario

14

The third scenario assumes the reception of a single GNSS
satellite through the line-of-sight path with additional broadband interference from a single signal source (see Fig. 8). The

12

χ in dB
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χ∞, IF
χ∞
χ1-bit

0
−2

Fig. 9.
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GNSS receive setup with broadband interference

= s(θ) + η

τS

�
ζJ .

4

5

6
M

7

8

9

10

Estimation performance versus number of antennas M

(46)

12
10
χ in dB

y = (A(ζS ) ⊗ 1N )x(τS ) + (A(ζJ ) ⊗ 1N )z + η

3

14

one-sided bandwidth of the interferer is assumed to be fixed
to BJ = 1.023 MHz, while the power spectral density of the
interference is NJ = N0 . In this situation the receive signal
model (13) can be written

with the channel parameters
�
θ = ζS

2

6
4
2

(47)

π
The angles are set to ζS = 0 and ζJ = 16
. Also for this
receive model we visualize the relative performance gain as
function of the the number of antennas M . Fig. 9 shows χ∞
for an ideal receive system with infinite ADC resolution, M
antennas, Br = 1.023 MHz and sampling rate fs = 2Br in
comparison to the reference system with M = 2. It can be
observed that the number of receive antennas allows to fully
mitigate the degradation due to interference for ideal receive
systems if M = 9 or more antennas are used. Also in this
scenario the 1-bit GNSS receiver with M = 3 antennas attains
approximately the same performance as the ideal reference
system with M = 2. Fig. 10 shows the performance scaling
as a function of the receive bandwidth κ. χ∞ is plotted for
an ideal receive system with infinite ADC resolution, M = 2
antennas, receive bandwidth Br = κ · 1.023 MHz, κ ≥ 1 and
sampling rate fs = 2Br in comparison to the ideal reference
system operating at κ = 1. It is observed, that also in this
scenario the receive bandwidth helps to mitigate the harmful
effect of interference. At κ = 5 the performance gap between
the ideal receive system with interference and the ideal receive
system without active interferer (IF, dashed line) is less than
1 dB. Already at κ = 1.35 the 1-bit GNSS receive system
outperforms the reference system with κ = 1.

8
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χ∞
χ1-bit
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Fig. 10.
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Estimation performance versus receive bandwidth Bs

VI. C ONCLUSION
We have carried out a far-reaching performance analysis
of GNSS receive systems with ideal ADC and 1-bit ADC.
The investigation of these two extreme cases under different numbers of receive antennas and bandwidths shows that
these two design parameters are a key point for the development of robust high-performance GNSS receive systems.
The resolution of the ADC plays only a secondary role. If
a very simple symmetric 1-bit ADC is used, high receive
bandwidth and multiple antennas can be realized in an energy
and hardware-efficient way. The achievable performance gain
clearly outweighs the loss that has to be taken into account
due to the non-linearity of the ADC. Already increasing the
number of antennas or the sampling rate by a factor of
1.5 allows to attain a positioning accuracy with 1-bit ADC
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which is higher than with any other possible ADC resolution.
Taking into account that for example a 2-bit ADC requires
two comparators and an AGC for the low noise amplifier,
shows that the energy and hardware budget of GNSS receive
systems should not be invested into the resolution of the ADC
but the number of receive sensors and the receive bandwidth,
i.e. a fast temporal sampling rate. This will allow to build
efficient and reliable high-performance receivers capable of
coping with challenging GNSS receive situations like multipath propagation and interference.
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