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Abstract. GNSS has been widely used in civilian and mili-

tary areas due to its high precision. However, the chan-

nel’s non-ideal characteristic may introduce pseudo-code 

measurement bias to degrade positioning precision. There 

are few theoretical analyses for interpreting why the chan-

nel’s non-ideal characteristic may introduce pseudo-code 

measurement bias and what kind of channels will not in-

troduce pseudo-code measurement bias. We have conduct-

ed a systematical study on the above issues. Firstly, we 

established an analysis model for interpreting the channel’ 

non-ideal characteristic’s influence on pseudo-code meas-

urement bias. Based on the analysis model, we proposed 

four sufficient conditions for unbiased pseudo-code meas-

urement. Secondly, we applied the analysis model to typi-

cal channels, i.e. sine type group delay channel, frequency-

domain anti-jamming channel and space-domain anti-

jamming channel, to evaluate the channel’s influence on 

pseudo-code measurement bias. Finally, we conducted 

simulations to evaluate the theoretical analysis’ correct-

ness. Results show that these typical channels do not intro-

duce pseudo-code measurement bias, which are consistent 

with theoretical analysis. As a result, the correctness of the 

proposed four sufficient conditions is verified so that the 

proposed four sufficient conditions can be used to guide 

the design of unbiased pseudo-code measurement channel. 
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1. Introduction 

GNSS has been applied in many civilian and military 

areas due to its high precision, all day and all weather. 

Pseudo-code measurement is one of the most important 

measurements for GNSS receiver positioning. There are 

several factors that can introduce pseudo-code measure-

ment bias, i.e. satellite clock bias, satellite orbit bias, tropo-

spheric delay, ionospheric delay, multipath and channel’s 

non-ideal characteristic [1]. In addition, if GNSS receiver 

uses antenna array to mitigate jam, antenna array anti-

jamming algorithms can also introduce pseudo-code meas-

urement bias [2]. Pseudo-code measurement biases intro-

duced by satellite clock bias, satellite orbit bias, tropo-

spheric delay and ionospheric delay can be mitigated by 

empirical models [3–5]. Pseudo-code measurement bias 

introduced by multipath can be mitigated by anti-multipath 

algorithms [6], [7]. Pseudo-code measurement bias intro-

duced by the antenna array anti-jamming algorithms can be 

mitigated by some special constraints for antenna element 

weights [8–10]. After the above processing, most of pseu-

do-code measurement biases can be mitigated. In this case, 

channel’s non-ideal characteristic becomes the main factor 

introducing pseudo-code measurement bias.  

If channel characteristic is ideal, it will introduce 

a static delay depending on the channel. This static delay 

can be measured and corrected in advance so that it will 

not degrade positioning. However, due to device errors, the 

channel cannot be completely ideal. Many researchers 

concerned on channel’s non-ideal characteristic and did 

some beneficial research works. These researches can be 

divided into two categories, i.e. researches about channel’s 

non-ideal characteristic itself and researches about the 

influence of channel’s non-ideal characteristic on pseudo-

code measurement. For researches about channel’s non-

ideal characteristic itself, Zhu X. W. et al. proposed a de-

composition model of group delay based on Taylor series 

to analyze channel’s non-ideal characteristic [11]; Xiao Z. 

B. et al. pointed out that Zhu X. W. et al.’s model could not 

be applied to channel’s non-ideal characteristic with trigo-

nometric features so that they proposed a Fourier decom-

position model of group delay based on trigonometric 

function series [12]; Zhu X. W. et al. and Xiao Z. B. et al. 

both did good work for analyzing channel’s non-ideal 

characteristic. For researches about the influence of chan-

nel’s non-ideal characteristic on pseudo-code measure-

ment, many researchers did good researches from different 

point. Liu Y. Q. et al. analyzed the relationship between 

pseudo-code measurement bias and the group delay of 

channel. They implemented Taylor transformation on 

group delay and found that the second-order group delay 
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played an important role in introducing pseudo-code meas-

urement bias [13]. However, they mainly concerned phase 

frequency response of channel’s non-ideal characteristic 

and did not study the amplitude frequency response of 

channel’s non-ideal characteristic. Zhou H. W. et al. ana-

lyzed the pseudo-code measurement bias introduced by the 

satellite payload’s non-ideal characteristic [14]. Betz J. W. 

analyzed the GNSS signal’ characteristic after it passed the 

non-ideal channel [15]. Soellner M. et al. proposed several 

models of the channel’s non-ideal characteristic and ana-

lyzed their influence on the distortion of the GNSS signal 

[16]. Both Betz J. W. and Soellner M. et al. analyzed sev-

eral different channels’ non-ideal characteristics’ influence 

on pseudo-code measurement biases. Hauschild A. et al. 

analyzed the influence of correlator’s spacing on pseudo-

code measurement bias when channel’s characteristic is 

non-ideal and pointed out that the difference of pseudo-

code measurement biases between different correlators’ 

spacing could reach to several meters [17]. They also ana-

lyzed the difference of pseudo-code measurement biases 

introduced by channel’s non-ideal characteristic between 

different satellites [18]. Muller T. analyzed the influence of 

channel characteristic on pseudo-code measurement bias 

when channel characteristic was SAW-filter [19]. Zhang T 

Q et al. analyzed the influence of channel characteristic on 

pseudo-code measurement bias when channel characteristic 

was frequency domain anti-jamming filter [20]. Unlike 

others researches, Zhang T. Q. et al. studied the influence 

of the amplitude frequency response of channel’s non-ideal 

characteristic on pseudo-code measurement bias.  

In a whole, above researches are in depth and com-

prehensive, but they did not answer the following two 

questions. Firstly, why the channel’s non-ideal characteris-

tic may introduce pseudo-code measurement bias? Second-

ly, will channel’s non-ideal characteristic necessarily intro-

duce pseudo-code measurement bias? In other words, what 

kind of channels will not introduce pseudo-code measure-

ment bias? In this paper, we will answer these two ques-

tions systemically. The main contributions of the paper are 

as follows. Firstly, we proposed an analysis model for 

analyzing the influence of channel’s non-ideal characteris-

tic on pseudo-code measurement bias. This analysis model 

includes both amplitude and phase frequency response of 

channel characteristic. Secondly, we proposed four suffi-

cient conditions of channel’s non-ideal characteristic for 

un-biased pseudo-code measurement. Thirdly, we applied 

the proposed analysis model to typical channels and ana-

lyzed the influence of these typical channels on pseudo-

code measurement bias. Simulations verify the correctness 

of the proposed sufficient conditions. As a result, the pro-

posed sufficient conditions can be used to guide the chan-

nel design for unbiased pseudo-code measurement. 

The analysis model and four sufficient conditions for 

unbiased pseudo-code measurement are introduced in the 

following part. Then, we applied the analysis model to 

typical channels. Next, a large number of simulations are 

conducted to evaluate theoretical analysis’ correctness. 

Finally, conclusions are drawn. 

2. Analysis Model 

The GNSS signal can be expressed as follows [1]: 

     i ij2 j

i e
f t

is t Ac t
  

   (1) 

where c(t) is pseudo-code signal which is a real function, 

A, τi, fi, and Φi are magnitude, delay, frequency and carrier 

phase of the GNSS signal, respectively. The GNSS signal 

passes through the radio frequency channel, and then the 

GNSS receiver generates estimated pseudo-code and 

carrier phase locally to demodulate and dispread the GNSS 

signal and the outcome is used for pseudo-code measuring. 

Defining the radio frequency channel time-domain function 

and frequency-domain function as h(t) and H(f), respec-

tively, the GNSS signal after passing through the radio 

frequency channel can be expressed as follows: 

      o is t s t h t   (2) 

where * is the convolution operator. Generally, the GNSS 

signal and the radio frequency channel are linear time-

invariant and can be implemented Fourier transform [11], 

[12]. The estimated pseudo-code and carrier phase can be 

expressed as c(t – τ̂i) and exp(–j2πf̂it – jΦo), respectively, 

where τ̂i, f̂i and Φo are the estimated delay, the estimated 

frequency and the local carrier phase, respectively. The 

outcome after demodulated and dispread can be expressed 

as follows [1]: 
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where fe is the difference between the GNSS signal fre-

quency and the estimated frequency, Φe is the difference 

between the GNSS signal carrier phase and the local carrier 

phase, sinc() is the sinc function, Tcoh is the integration 

time, t1 is the initial integration time, rc(τ) is the auto-

correlate function of pseudo-code signal. rc(τ) can be calcu-

lated as follows: 

      c d .r c t c t t 



   (4) 

As formula (4) shows, rc(τ) is symmetric and a real even 

function. Figure 1 shows the GNSS signal processing flow 

chart. 

Defining function g(t) as follows: 
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(5) 

Obviously, g(t) is the baseband form of the h(t). Substitut-

ing formula (5) into (3), we can get the following formula: 
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Fig. 1. GNSS signal processing flow chart. 

When the tracking loop is running stably, fe tends to zero. 

Then, formula (6) can be simplified as follows: 
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(7) 

For the GNSS receiver, it usually uses incoherent integra-

tion discriminator for pseudo-code measuring. The inco-

herent integration can be calculated as follows: 
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where  is modulo operation. The discriminator function 

can be calculated as follows [1]: 
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(9) 

where d is the interval of the early code and the late code. 

As formula (9) shows, when rc(τ̂i) is symmetric, there 

will be no pseudo-code measurement bias. As formula (8) 

shows, although rc(τ̂i – τi) is symmetric, when it is con-

voluted with g(τ̂i) which is determined by the channel, the 

outcome may be asymmetric so that pseudo-code meas-

urement bias is introduced. This is the reason why chan-

nel’s non-ideal characteristic may introduce pseudo-code 

measurement bias. 

Defining function r(τ) as follows: 

      c i .r r g     
 

(10) 

Assuming that r(τ) is symmetric about τ = τiˊ, where τiˊ is 

the GNSS signal’s delay after it passes through the chan-

nel, we can get the following formula: 

    i i .r r      
 

(11) 

Based on (11), we propose four sufficient conditions of 

channel characteristic for unbiased pseudo-code measure-

ment. 

Condition 1: 
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(12) 

Implementing Fourier transform on both sides of (12), 

we can get the following formula: 
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(13) 

where R(f) is the Fourier transform of r(τ). Implementing 

Fourier transform on both sides of (10), R(f) can be calcu-

lated as follows:  
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f
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(14) 

where Rc(f) and G(f) are the Fourier transforms of rc(τ) and 

g(τ). Because rc(τ) is an even function, Rc(τ) is a real even 

function. Implementing Fourier transform on both sides of 

(5), G(f) can be calculated as follows: 

    i .G f H f f 
 

(15) 

Obviously, G(f) is the baseband form of H(f). Substituting 

formula (14) and (15) into (13), we can get the following 

formula: 
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As mentioned earlier, τi is the GNSS signal’s delay before 

it passes through the channel and τiˊ is the GNSS signal’s 

delay after it passes through the channel. As a result, τiˊ – τi 

is the delay introduced by the channel. Defining function 

as follows: 

      i ij2

ie .
f

Q f H f f
  

 
 

(17) 

Let’s discuss the physical interpretation of Q(f). At 

first, H(f + fi) is the baseband form of the channel; then, 

τiˊ – τi is the delay introduced by the channel so that 

exp[j2πf(τiˊ – τi)] is the compensation of delay introduced 

by the channel. As a result, Q(f) is the baseband channel 

response after channel delay compensation. Substituting 

formula (17) into (16) and considering that Rc(f) is a real 

even function, we can get the following judgment formula: 

    .Q f Q f 
 

(18) 

As formula (18) shows, Q(f) is an even function in this 

case. Let’s discuss the reason why this feature of Q(f) will 

not introduce pseudo-code measurement bias. Substituting 

formula (5) into (10), we can find that formula (10) is 

equal to the convolution of rc(τ) and the time-domain func-

tion of Q(f). Because formula (18) holds true, the time-

domain function of Q(f) is even symmetric. As formula (4) 

shows, rc(τ) is even symmetric, too. As a result, r(τ) is 

symmetric in this case so that no pseudo-code measure-

ment bias will be introduced. 

In practice, given the channel characteristic’s 

frequency-domain function H(f), we can get Q(f) by 

formula (17); then, we can judge whether formula (18) 

holds true and if formula (18) holds true, formula (16) 

holds true, as a result, formula (13) holds true so that 

formula (12) holds true which means condition 1 holds true 

so that no pseudo-code measurement bias will be 

introduced. 
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Condition 2: 

    i ir r       
 

(19) 

The derivation process of condition 2 is similar to 

condition 1 and the judgment formula is as follows: 

    .Q f Q f  
 

(20) 

As formula (20) shows, Q(f) is an odd function. In this 

case, the time-domain function of Q(f) is odd symmetric. 

Similar to condition 1, r(τ) is symmetric in this case so that 

no pseudo-code measurement bias will be introduced.  

Condition 3: 

    i ir r      
 

(21) 

where ()* is conjugate operation. The derivation process of 

condition 3 is similar to condition 1 and the judgment 

formula is as follows: 

    .Q f Q f
 

(22) 

As formula (22) shows, Q(f) is a real function. In this case, 

the time-domain function of Q(f) is conjugate symmetric. 

Similar to condition 1, r(τ) is symmetric in this case so that 

no pseudo-code measurement bias will be introduced. 

Condition 4: 

    i ir r       
 

(23) 

The derivation process of condition 4 is similar to 

condition 1 and the judgment formula is as follows: 

    .Q f Q f 
 

(24) 

As formula (24) shows, Q(f) is an imaginary function in 

this case. In this case, the time-domain function of Q(f) is 

conjugate anti-symmetric. Similar to condition 1, r(τ) is 

symmetric in this case so that no pseudo-code measure-

ment bias will be introduced 

Table 1 summarizes these four sufficient conditions 

of channel characteristic for unbiased pseudo-code meas-

urement. 

One point should be pointed out is that these four 

conditions are sufficient conditions for unbiased pseudo-

code measurement, but they are not necessary conditions. 

The reason is that if formula (12) or (19) or (21) or (23) 

holds true, we can deduce that formula (11) holds true. 

However, if formula (11) holds true, we cannot deduce that 
 

Number Sufficient condition 

1 Q(f) is an even function  

2 Q(f) is an odd function  

3 Q(f) is a real function  

4 Q(f) is an imaginary function  

Tab. 1. Four sufficient conditions of channel characteristic for 

unbiased pseudo-code measurement. 

Real part

Imaginary part

Formula (19)

Formula (12)

Formula (21)

Formula (23)

 

Fig. 2. Schematic diagram when the modules of two complex 

numbers are equal. 

formula (12) or (19) or (21) or (23) holds true. Figure 2 

shows the schematic diagram when the modules of two 

complex numbers are equal. The X-axis and Y-axis repre-

sent the real part and the imaginary part of a complex 

number, respectively. Circle and triangle represent two 

complex numbers. If the modules of two complex numbers 

are equal, these two complex numbers are on the same 

circle. As Figure 2 shows, formula (12) (shown in yellow), 

(19) (shown in blue), (21) (shown in green) and (23) 

(shown in purple) are four exceptional cases where the 

modules of two complex numbers are equal. In practice, as 

long as one of these four conditions holds true, there will 

be no pseudo-code measurement bias. This conclusion can 

guide channel design for unbiased pseudo-code measure-

ment. In fact, reference [10] applied condition 1 in design-

ing array antenna weights to achieve unbiased pseudo-code 

measurement. However, because these four conditions are 

not necessary conditions, we cannot confirm that there will 

definitely be pseudo-code measurement bias when these 

four conditions do not hold true. In other words, these four 

conditions can guide channel design for unbiased pseudo-

code measurement, but they are not the criterion for deter-

mining whether a channel will introduce pseudo-code 

measurement bias. 

3. Analysis on Typical Channels 

Channel frequency-domain function H(f) can be 

expressed as follows [12]: 

       jarg
e

H f
H f H f

 
(25) 

where H(f) and arg(H(f)) are amplitude frequency re-

sponse and phase frequency response of the channel, re-

spectively. Group delay is an important parameter of chan-

nel and it can be calculated as follows [12]: 

  
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.
2 d

H f
f

f
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 
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(26) 

We can use group delay to describe the phase fre-

quency response of the channel. 
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3.1 Sine Type Group Delay Channel 

The group delay of radio frequency channel can be 

expressed as follows [12]: 

  
 i

sin sin 2
f f

f  


 
  
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 (27) 

where  and  are magnitude coefficient and frequency 

coefficient of the sine type group delay. The phase fre-

quency response can be calculated as follows [12]: 
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Set the amplitude frequency response as 1, the channel 

frequency-domain function can be calculated as follows: 
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(29) 

Substituting formula (29) into (17), we can find Q(f) is 

an even function which means that condition 1 holds true. 

As a result, sine type group delay channel will not intro-

duce pseudo-code measurement bias. 

3.2 Frequency-Domain Anti-Jamming 

Channel 

The amplitude frequency response of radio frequency 

channel can be expressed as follows [20]: 

 
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
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(30) 

where fJ is the offset of the jamming center frequency rela-

tive to the GNSS signal frequency and fB is the jamming 

bandwidth. Assuming that the phase frequency response is 

linear and the group delay is t0, the phase frequency re-

sponse can be calculated as follows [20]: 

     Fre-anti-jam i 0arg 2 .H f f f t  
 

(31) 

The channel frequency-domain function can be calculated 

as follows: 
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Substituting formula (32) into (17), we can find Q(f) is 

a real function which means that condition 3 holds true. As 

a result, frequency-domain anti-jamming channel will not 

introduce pseudo-code measurement bias. 

3.3 Space-Domain Anti-Jamming Channel 

The channel frequency-domain function can be 

expressed as follows [21]: 

   H

Spa-anti-jam sH f  w v
 

(33) 

where w = (w1 w2 …wN)T is the N × 1 dimensional antenna 

array weight vector, N is the number of antenna elements, 

wn is the weight of the n-th antenna element, ()H

 
denotes 

the conjugate transpose, and ()T denotes the transpose. vS 

is the N × 1 dimensional steering vector of the GNSS 

signal and it can be calculated as follows [21]: 
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(34) 

where Pn is the coordinate of the n-th antenna element, λ is 

the wavelength of the GNSS signal, I(ξ,ζ) is the unit direc-

tional vector of the GNSS signal and it can be calculated as 

follows: 

           , cos cos cos sin sin         I
 
(35) 

where ξ, ζ are elevation angle and azimuth angle of the 

GNSS signal, respectively. Antenna array weight vector w 

can be calculated as follows [22], [23]: 

  
1

H 1 1

xx xx


 w b R b R b

 
(36) 

where Rxx is the N × N dimensional auto-correlation matrix 

of the received signal (including GNSS signal, jamming 

signal and noise), b is the N × 1 dimensional constraint 

vector. Space-domain anti-jamming channel can be imple-

mented by two algorithms, i.e. minimum variance distor-

tion-less response (MVDR) algorithm [22] and power 

inversion (PI) algorithm [23]. For the MVDR algorithm, 

b = vS [22]; for the PI algorithm, b = e，where e is a N × 1 

dimensional vector which is shown as follows [23]:  

  
T

1 0 0... .e
 

(37) 

Substituting b into (36), and then substituting formula (36) 

into (33), we can get the channel frequency-domain 

functions of the MVDR algorithm and the PI algorithm 

which are shown in the following formula (38) and (39), 

respectively. 

  MVDR 1,H f 
 

(38) 

     
H

1
H 1 1

PI s.xx xxH f


  e R e R e v
 

(39) 

Substituting formula (38) and formula (39) into (17), re-

spectively, we can find Q(f) are even functions in these two 

cases. That means condition 1 holds true. As a result, 

space-domain anti-jamming channels implemented by the 

MVDR algorithm and the PI algorithm will not introduce 

pseudo-code measurement bias. 
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4. Simulation Results 

4.1 Overview 

In order to verify the correctness of the analysis 

model, three kinds of channels, i.e. sine type group delay 

channel, frequency-domain anti-jamming channel and 

space-domain anti-jamming channel, are simulated. BDS 

B3I signal is simulated as an example of the GNSS signal. 

Radio frequency, pseudo-code rate and signal length of the 

B3I signal are 1268.52 MHz, 10.23 MHz and 1 second, 

respectively. In practice, the carrier-to-noise ratios (C/N0) 

of the GNSS signal varies from 40 dBHz to 50 dBHz. As 

a result, we design three C/N0s, i.e. 40 dBHz, 45 dBHz 

and 50 dBHz, in the following simulations. Sample rate is 

35 MHz. The interval of the early code and the late code is 

1 chip. Simulation is based on Matlab platform. Figure 3 

shows the simulation flow chart. As Figure 3 shows, GNSS 

signal and noise are simulated at first. For frequency-

domain anti-jamming channel and space-domain anti-

jamming channel, jamming signals (dotted line) are also 

simulated. Then, they pass through channel. Next, signal 

after passing through channel is processed by software 

receiver. At last, we examine whether the correlation func-

tion is symmetrical and whether the pseudo-code meas-

urement bias is introduced.  

4.2 Sine Type Group Delay Channel 

Five scenarios with different amplitude coefficients , 

frequency coefficients  and GNSS signal C/N0s are simu-

lated. Scenario parameters are shown in Tab. 2.  

Figure 4 and 5 show the results of the sine type group 

delay channel. Red, blue, green, pink and yellow are the 

results of the scenario 1 to 5, respectively. Figure 4 shows 

the correlation functions at t = 0.9 seconds. As Figure 4 

shows, correlation functions in these five scenarios are 

basically symmetrical. Figure 5 shows pseudo-code meas-

urement biases during the whole time span. As Figure 5 

shows, pseudo-code measurement biases are around zero in 

different scenarios. Results verify that sine type group 

delay channel does not introduce pseudo-code measure-

ment bias, which is consistent to the theoretical analysis. 

GNSS Signal

Jamming Signal

Channel

Software Receiver

Correlation function Pesudo-code measurement bias

Matlab platform

Noise

 

Fig. 3. Simulation flow chart. 

 

Scenario  
 

C/N0 

1 10 ns 10.23 MHz 50 dBHz 

2 20 ns 10.23 MHz 50 dBHz 

3 50 ns 10.23 MHz 45 dBHz 

4 50 ns 5.115 MHz 45 dBHz 

5 50 ns 1.023 MHz 40 dBHz 

Tab. 2. Scenario parameters for the sine type group delay 

channels. 

 

Fig. 4. Correlation functions at t = 0.9 seconds after GNSS 

signals pass through sine type group delay channels. 

 

Fig. 5. Pseudo-code measurement biases during the whole 

time span after GNSS signals pass through sine type 

group delay channels. 

4.3 Frequency-Domain Anti-Jamming 

Channel 

Five scenarios with different offsets of the jamming 

center frequency relative to the GNSS signal frequency fJ, 

jamming bandwidths fB, jamming signal group delays t0
 

and GNSS signal C/N0s are simulated. Scenario parameters 

are shown in Tab. 3.  

Figure 6 and 7 show the results of the frequency-

domain anti-jamming channel. Red, blue, green, pink and 

yellow are the results of the scenario 1 to 5, respectively. 
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Figure 6 shows the correlation functions at t = 0.9 seconds. 

As Figure 6 shows, correlation functions in these five sce-

narios are basically symmetrical. Figure 7 shows pseudo-

code measurement biases during the whole time span. As 

Figure 7 shows, pseudo-code measurement biases are 

around zero in different scenarios. Results verify that fre-

quency-domain anti-jamming channel does not introduce 

pseudo-code measurement bias, which is consistent to the 

theoretical analysis. 
 

 

Scenario fJ

 
fB

 
t0 C/N0 

1 2 MHz 0.5 MHz 0 ns 50 dBHz 

2 2 MHz 1 MHz 5 ns 50 dBHz 

3 2 MHz 2 MHz 10 ns 45 dBHz 

4 3 MHz 2 MHz 20 ns 45 dBHz 

5 4 MHz 2 MHz 30 ns 40 dBHz 

Tab. 3. Scenario parameters for the frequency-domain anti-

jamming channels. 

 

Fig. 6. Correlation functions at t = 0.9 seconds after GNSS 

signals pass through frequency-domain anti-jamming 

channels. 

 

Fig. 7. Pseudo-code measurement biases during the whole 

time span after GNSS signals pass through frequency-

domain anti-jamming channels. 

4.4 Space-Domain Anti-Jamming Channel 

An antenna array with seven antenna elements is sim-

ulated. Five scenarios with different numbers of jamming 

signals, different types of jamming signals (including con-

tinuous-wave (CW) jamming signal and wideband jam-

ming signal), different elevation angles (degree) and azi-

muth angles (degree) of jamming signals and GNSS 

signals, different GNSS signal C/N0s are simulated. The 

jamming-signal-rates (JSRs) of these jamming signals are 

70 dB. Scenario parameters are shown in Tab. 4. 

Figure 8 and 9 show the results of the space-domain 

anti-jamming channel implemented by the PI algorithm. 

Red, blue, green, pink and yellow are the results of the 

scenario 1 to 5, respectively. Figure 8 shows the correlation 

functions at t = 0.9 seconds. As Figure 8 shows, correlation 

functions in these five scenarios are basically symmetrical. 

Figure 9 shows pseudo-code measurement biases during 

the whole time span. As Figure 9 shows, pseudo-code 

measurement biases are around zero in different scenarios.  

 

Fig. 8. Correlation functions at t = 0.9 seconds after GNSS 

signals pass through space-domain anti-jamming 

channels implemented by the PI algorithm. 

 

Fig. 9. Pseudo-code measurement biases during the whole 

time span after GNSS signals pass through space-

domain anti-jamming channels implemented by the PI 

algorithm. 
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Results verify that space-domain anti-jamming channel 

implemented by the PI algorithm does not introduce pseu-

do-code measurement bias, which is consistent to the theo-

retical analysis. 

Figure 10 and 11 show the results of the space-

domain anti-jamming channel implemented by the MVDR 

algorithm. Red, blue, green, pink and yellow are the results 

of the scenario 1 to 5, respectively. Figure 10 shows the 

 

Fig. 10. Correlation functions at t = 0.9 seconds after GNSS 

signals pass through space-domain anti-jamming 

channels implemented by the MVDR algorithm. 

 

Fig. 11. Pseudo-code measurement biases during the whole 

time span after GNSS signals pass through space-

domain anti-jamming channels implemented by the 

MVDR algorithm. 

correlation functions at t = 0.9 seconds. As Figure 10 

shows, correlation functions in these five scenarios are 

basically symmetrical. Figure 11 shows pseudo-code 

measurement biases during the whole time span. As Fig-

ure 11 shows, pseudo-code measurement biases are around 

zero in different scenarios. Results verify that space-

domain anti-jamming channel implemented by the MVDR 

algorithm does not introduce pseudo-code measurement 

bias, which is consistent to the theoretical analysis. 
 

 

Scenario Signal types Start & end time Elevation angle Azimuth angle C/N0
 

1 

GNSS signal 0 – 1 s 30° 280° 50 dBHz 

CW interference 0.4 – 1 s 15° 200° - 

Wideband interference 0.4 – 1 s 5° 100° - 

2 

GNSS signal 0 – 1 s 50° 130° 50 dBHz 

CW interference 0.4 – 1 s 10° 50° - 

Wideband interference 1 0.4 – 1 s 5° 200° - 

Wideband interference 2 0.4 – 1 s 5° 270° - 

3 

GNSS signal 0 – 1 s 60° 90° 45 dBHz 

Wideband interference 1 0.4 – 1 s 5° 10° - 

Wideband interference 2 0.4 – 1 s 10° 150° - 

Wideband interference 3 0.4 – 1 s 15° 300° - 

4 

GNSS signal 0 – 1 s 75° 120° 45 dBHz 

CW interference 1 0.4 – 1 s 10° 50° - 

CW interference 2 0.4 – 1 s 10° 200° - 

CW interference 3 0.4 – 1 s 10° 330° - 

5 

GNSS signal 0 – 1 s 65° 110° 40 dBHz 

CW interference 1 0.4 – 1 s 10° 70° - 

CW interference 2 0.4 – 1 s 10° 190° - 

Wideband interference 2 0.4 – 1 s 10° 350° - 

Tab. 4. Scenario parameters for the space-domain anti-jamming channels. 
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5. Conclusions 

This paper studies the influence of channel’s non-

ideal characteristic on pseudo-code measurement bias in 

depth. Analysis model is constructed at first and based on 

the general analysis, four sufficient conditions of channel 

characteristic for unbiased pseudo-code measurement are 

proposed. Analysis model is applied to three typical chan-

nels, i.e. sine type group delay channel, frequency-domain 

anti-jamming channel and space-domain anti-jamming 

channel, and we theoretically analyzed that these channels 

would not introduce pseudo-code measurement biases. 

Simulation results are consistent with theoretical analysis 

so that the theoretical analysis’ correctness is verified. 
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