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C'/Ny-based criterion for selecting BOC-modulated
GNSS signals in cognitive positioning

Elena Simona Lohanylember, |EEE, and Gonzalo Seco-Granad@&enior Member, |EEE

Abstract—A Carrier-to-Noise spectral density-based criterion accuracy: the BOC modulation type (sine or cosine), the BOC
IOF ?ﬁ‘leeﬁmgoiigag gziiniﬁgi?;asggaisuﬁ?tg S(;ré?i vaé:ndd i%ofgi]? modulation order (i.e., twice the ratio between sub-carae
letter. The paper presents th_eC/No gap between two signals in ;nd chip rate)tand .thf@i/No' TEI]S papher |n\$stlgates how thdeseh t
terms of positioning capability expressed via the Cramer Rao ree parameters in _uence € achievable accuracy an W a
lower bounds on time-delay estimation accuracy. would be the best signal to employ among several possible

Index Terms—Binary Offset Carrier (BOC), Carrier to Noise signals,. with different values of the aforementioned paam
spectral density (C/No), cognitive positioning, Global Navigation €S- It IS t0 b_e nOt'C_ed Fh"?‘t we talk here about mENO_at
Satellite Systems (GNSS), Cramer Rao Lower Bound (CRLB). the receiver side, which is influenced of course by the sttell
transmit power, but also by the wireless channel charatiesi
|. PROBLEM EORMULATION and the satellite elevation. Our statement is that stronger

. signals have better positioning capabilities only if thadwer
C URRENTLY two GNSS systems are fully operationaljitterence is larger than a certain threshold that is depend
(GPS and Glonass) and two more are emerging agf the BOC modulation type and BOC modulation order of

promise to be fully functional in the ne%t— 7 years (Galileo each signal, and that this threshold G5 N, dependent. In
and Compass). Three out of these four systems are employingnitive positioning, when several signals are availdbte

direct sequence spread spectrum and Binary Phase Shift Keyzitioning purposes, it is tremendously important to He &b
ing (BPSK) with rectangular (RECT) pulse shaping or BOGgject the signal with the best positioning capabilitiesoag

modulations [4], and the fourth one (Glonass) may also havgify ayailable signals, and our paper gives an answer to this
future spread spectrum component compatible with the othggiem of signal selection. We derive here the exact shape o
three systems. It is envisioned that the future sky will &1l yis threshold. Our analysis is valid for any BOC-modulated
more thanl10 navigation satellites, each transmitting varioug, 4y eform. Section II presents the signal model. Section Il
forms of BPSK/BOC-modulated signals, in various frequengy,mpytes the signal tracking accuracy in terms of Cramer
bands. While a higher number of satellite signals may megf}, | ower Bounds (CRLB) performance metric and gives

better availability of the location estimates worldwidéet i, C//Ny rule. Section IV discusses the conclusions and the
problem of selecting the most relevant signals (e.g., im$eof ¢, iher open issues.

positioning accuracy) from the wide pool of available signa
is also becoming important. Cognitive positioning aro@te 1. SIGNAL MODEL
tures have already emerged [1], [2], [3], focusing on signal ) ] )
identification, medium awareness and efficient combination 1 e received BOC-modulated signal through a channel with
of existing localization sources. The problem addressed i€ impulse responsk(¢) can be modeled as [4]

this paper is the problem of 'relevant’ signal selection even r(t) = c(t) ® spoc(t) @ h(t) +n(t) (1)

a 'relevant’ signal is defined as the signal with the highest _ _ _ _ _
accuracy capability among a pool of available signals. THghere © is the convolution operator(¢) is a white noise
focus is on BOC-modulated spread spectrum systems (BPSRuUSSsian term with d%uble-3|ded power spectral denSity
being a particular case of sine-BOC waveforms [4], [5]). The ,, = — Nt = .
accuracy is defined in terms of the code tracking performan% ) = vE Z bn ZC"""(S(t — nSpTe — kT.) is the
bounds. Itis known that the wider the available bandwidtth arypreading code part, including data bits 5() is the Dirac
the higher the BOC modulation order, the smaller trackingise, , , are the chip values fok-th chip andn-th data

variance and the better multipath robustness we have [g} g, is the spreading factor (e.gip92 chips for Galileo
[9]. Alternqtively, by increasing the Carrier-to-Noise(_esﬁral E1 Open service signal), is the chip intervalsgzoc(t) is
density ratioC'/No, we can also decrease the tracking errqhe BOC-modulation waveform including the pulse shaping
variance (and sometimes also the multipath error) [10].sThLbart (and its detailed expression is shown in Section 1)), (3
there are three important parameters that affect the trgcklEb is the bit energy, anél(¢) is the channel impulse response.
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Engineering, Tampere University of Technology, Finlandmait: elena- €nergy to noise ratio is related to the signal bandwiBik
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Here, By = 1 kHz, coming from thel ms reference code achievable performance. The CRLB of a signal is given by
epoch rate taken from GPS C/A code. Additional coherefit3]:

integration will appear as a gain factor tlog,oN., where ) B;
N, is the coherent integration length. OCRLB = By /2 (5)
RO/ Nohin [ FPCmoc(1)df
I1l. TRACKING ACCURACY ANALYSIS —Bw/2
A. BOC modulation where C/Ny)jin = 10°0° is the C/Ny in linear scale, and
The signal structure is a sequence of chips at the chip r&téNo is shown in (2), By is the bandwidth of the delay
f. = L, and the shape of each chip can be thought as a bin#igcking loop and7zoc (f) is the normalized power spectral

sub- Carner of frequency'sc h|gher or equa| tofc There are denSlty of the noise filtered via the BOC modulation:
two main implementations of BOC, namely sine and cosine

2
BOC [7], [8] which are the building blocks of many other BOC Groclf) = ‘SBOC(f)G(f)‘ (6)
classes. The generic model of a sine/cosine BOC-modulation Boc = |g a 2d ’
waveform, derived by the authors in [4],[5] is: f—oo ‘ soc(f) (f)‘ f
G(f) is the front-end receiver transfer functidigoc(f) is
Np—1Neos—1 the transfer function of BOC modulation from (4). We remark
spoc(t) = pTB1 Z Z Z*"“é(t that similar results can be obtained with narrow non-catitere
i=0 k=0 correlator, coherent early-minus correlator and dot-pobd
) T discriminator, whose formulas for BOC modulations can be
— ’LTB—I{TBI>7TB— s .
Np found for example in [6].
TC
TBI B —]\/vB-ZVcos7 (3) C. O/NO gap

with N.,s = 1 for SinBOC andN,,, = 2 for CosBOC. The  The problem addressed in this section is how to find an
typical notation isBOC(m,n) , wherem andn indexes are approximation of theC'/N, gap between a lower-order BOC

defined asm = ol andn = o fsm PT, (t) modulation and a higher-order BOC modulation, such that the
is the rectangular pulse of suppdfi,, and Nz = 2/ js lower-order BOC modulation would exhibit the same tracking
the BOC modulation order. Thus, the main two parameteygriance as the higher-order BOC modulation. Assuming that
differentiating BOC waveforms are the BOC modulation orddwo signalsi,j are present, each characterized by a certain
Np and the modulation typ&V,. (C’/NmSBOC(f)) pair, the question is which signal has

The signal is shaped by the BOC modulation, whose Fourigfeater potential fof positioning, or equivalently a loverck-
transform derived from (1) is: ing variance. Basically, this means finding the gap:

~Np A(C/Ny)i,; = (C/No)i — (C/No); (7)
1—(=1)Feose J2nfTs

Spoc(f) = TB( | o—72n T, ) (in dB scale) between any two modulation pairg such that:

. 1 (—1)Ne=2nIT: 0trLB, = OCRLB,- FrOM (5), we have:
smc(ﬂfTB)( 1+ ¢ d2nfTs ) 2 _ By, ®)

e,jQﬂ.fTBl (4) CRLB; ) (C/NU)'L Bw /2 )
erp10 s [ PGhoc (i
The square absolute value S85o¢(f) shapes the transmitted —Bw/2

signal spectrum and it has two main lobes at frequenci@éter straighforward manipulations, from (7)and (5) weaiht
+ fiove- BPSK is a particular case of above, withip = Bw /2

Nos = 1 and fiope = 0 MHz. The exact values off;ope (C/N)i . AN / f*Gpoc, (f)df
can be easily obtained from numerical implementation of (3) 107107 _ J=Bw/2 9)
and are not reproduced here for lack of space. 1002 Bw /2 9
) f*Goc, (f)df
—Bw /2

B. CRLB-based tracking variance which implies that the”/N, gap is independent on the nomi-

At the sameC/N, level, the higher modulation ordernalC'/N, and depends only on the ratio of RMS bandwidths of
we have in a BOC-modulated signal, the better positioninge considered signals. The further simplification of (S)egia
accuracy a BOC signal can provide because higher moduttesed-form expression for th€/N, gap, where the integrals
tion orders mean higher receiver bandwidth. For examplefram the right-hand side are in fact directly proportionathw
SinBOQ4, 1) would exhibit better tracking accuracy than ahe signal RMS bandwidth:

SinBO(C(1, 1) signal, at the samé'/Ny, a fact that can also Buw /2

be easily checked from the formulas in this section. However / f*Gpoc, (f)df

when a higher-order modulation signal has a lo@gN,, the A(C/No)i; = 10logro —Bw /2 (10)
choice is not obvious. The analysis is based on the Cramer ~ Bwrz ,

Rao Lower Bound (CRLB) in order to study the maximum FGpoc.(f)df

—Bw /2



This translates into: modulationis better than modulatiof CIN_ gap compared to BPSK(L) versus modulation index j
0

as long agC/Ny); is less than(C'/Ny); + A(C/No); ;. 16
B_ =4 MHz PE W
—w < Yedt

D. Numerical results al | ——BuBMHz ﬂ" 1

1) Single path channels: If we assume brick-wall filters -% -B, =16 MHz *’*‘*,31 ot
H(f) and that the reference modulatianis the BPSK(1) -« -B, 724,552 MHz ** ﬂ"* *‘*y;r*:‘;*::
modulation and the other modulatiofis= 2,...,30 are all 127 e = x ;{‘ ot ki
sine-BOC(j/2,1) modulations (i.e.Ng = j), then Figure v ,"' A ,:-x\*
1 shows theC/N, gap (in dB) between these modulations § 10 * ;tx,r*'*

and the reference BPSK(1) modulation for several receive
bandwidth.

C/N0 gap compared to BPSK(1) versus modulation index j

CZ/N0 gap [dB] between CosBOC and BPSK(1)
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Fig. 2. Minimum C/Ny gap between CosBOG(2,1) modulation and

1k BPSK(l), single- path.

10r double-sided bandwidth: in here, if BPSK(signals are 1 dB
stronger than the BOC-modulated signals, they will always
offer the best performance, no matter on the BOC modulation
index or on the BOC type (sine/cosine).
2) Multipath channels: The analysis in multipaths has

‘ ‘ ‘ ‘ been done numerically, based on the two-path delay tracking
0 3 o 1 20 25 30 error variance derived in [14]. The main point in this sub-
Modulation index jfor SinBOC(2, 1) section is to show that the findings are also valid in multipat

environments. The channel impulse response is:

C/N0 gap [dB] between SinBOC and BPSK(1)

Fig. 1. Minimum C/No gap between SinBO@(2,1) modulation and
BPSK(l), such that BPSKI) starts to have an equal or better performance

than the SinBOCj/2, 1) modulation, single- path. h(t) _ A16j¢1 5(t _ TU) + A2€j¢2(5(t — T — AT) (11)

The figure can be interpreted as illustrated in the followvhere 7o is the Line Of Sight (LOS) delayAr is the

; . ; ; delay between first non-LOS and LOd; is the i-th path
ing example: assuming that both BPSK@nd SinBOCY, 1) amplitude,i = 1,2 andg; is thei-th path phase, here assumed

signals are available at the receiver and that the recea®r Ryniformly distributed. As shown in [14], the covariance mat
a double-sided bandwidth @#.552 MHz, then the 'relevant’ that defines the variances of the maximum likelihood joint

signal for positioning would be SinBOC(1) as long as its amplitude-delay estimators is given by:
C/NO is no more thas dB smaller than that of the BPSK)(

. ) . o 0 R(AT) AR (A7)
signal. Flgure 2 shows_the same comparison, this time for_ 0 —A%R"(o) —AlR'(Ar) —A1A2R”(AT)
CosBOC(/2, 1) modulations. = ,

For both SinBOC and CosBOC modulations, there is a R(A) —AR glAT) ! Q,
' R(AT) —A1A2R (AT) 0 —A3R (A7)

clear saturation effect at small bandwidths which depemds o
the BOC-modulation ordefVg: the higher the modulation and the estimator variances for joint amplitude-delay fist fi
order, the more bandwidth we need to take advantage of tA&d second path is

particular modulation in tracking; otherwise, if the barndtl Ty _ y—1 -1

is not sufficient, lower order modulations can offer the same var([As 7o 42 TOBJF /AZT] ) = E7((C/No)uun) (12)
or better performance at the safiéVy. This fact is visible in w o FAT e

both figures above if we compari for example the curvé at\POve, (A7) = /2 Gpoo(f)e™*™/57df is the auto-
MHz bandwidth forj = 6 andj = 7: in both cases sine/cosinecorrelation function of a BOC modulated low-pass filtered
BOC3, 1) is worse than BOG5,1) at the same” /N, (or with a bandwidthBy,. The delay tracking variancear ()
even if theC/Ny is up to1 dB stronger for the higher-ordercan be derived numerically from the above for each modu-
modulation BOCg.5, 1)). Another example, also visible in thelation (sinceX depends on BOC type and index). An exact
above figures is for a typical mass-market receiver witliHz  expression for th€' /N, gap with multipaths is more difficult



to obtain, but the numerical results are shown Figure 32for [3] N.C. Shivaramaiah, A.G. Dempster, "Cognitive GNSS Reeeie-

in-phase paths with second path behdB lower than the first

paths and situated at half chip apart from LOS. As expectedw

the multipath presence is increasing t6¢N, gap, which
means that higher-order modulations are better performing

with respect to lower-order modulations in the presence of[5]

multipaths. Nevertheless, the performance is dependent on
the multipath profile, and therefore, we recommend that the
analysis is done in single path scenario and then the sathecti 6
of the relevant signals is done with a small margin that
compensates for the multipath presence.

C/N0 gap compared to BPSK(1) versus modulation index j

30

- o -2 paths, BW:4 MHz
—e— 1 paths, BW:4 MHz
- » - 2 paths, BW=8 MHz
—w— 1 paths, BW:S MHz
-« -2paths, B, =24.552 MHz
—¢— 1 paths, B, =24.552 MHz

251

201

10

C:/N0 gap [dB] between SinBOC and BPSK(1)

1 1 1
0 5 10 15 20 25 30
Modulation index j for SinBOC(j/2, 1)

Fig. 3. Minimum C/Noy gap between SinBO@(2,1) modulation and
BPSK(l)for two-path channel.

IV. CONCLUSION

In this paper we have derived a simple formula for €&V,

gap that allows two different BOC signals to achieve the same
positioning accuracy. This information is the first step dogs

a cognitive positioning engine, where the relevant sigaa¢s
first identified and then fed into the navigation engine. ket
research will focus on combinations of 2 or more relevant
signals and on the performance with multipath channels with
more than 2 paths.
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