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will _be capable to determine thg po_sition in the same receivie,m (DSSS) technique to transmit their ranging signale Th
assisted by any of these satellites in any combination. oy re of DSSS makes itself a good candidate for ranging

Comparing different types of receiver architectures, a-1ow,jications. By observing the received code phase after
IF (intermediate frequency) receiver brings a compromis ppler wipe-off, one can determine the distance between th

solution for GPS and Galileo commercial products [1], [2], [ transmitting satellite and the user. By decoding the rapgin

It provides high level of integration for cost reduction Yehi \ossaqe in the received signal, the position of the time when
avoiding the problem of D.C. offset that usually degradefe gateliite started to transmit the signal can be resoth

the system performance in a zero-IF receiver. However, &, nowledge, the location of the receiving antenna can be
image signal situated at twice the IF frequency from the .4

desired signal will jam into the signal band after being dewn Galileo satellites utilize binary offset carrier (BOC) mod

converted to the intermediate frequency. Even in the alesenc |5ion 1o convey their ranging messages. The BOC modulation
interfering signals lying in the image band, ubiquitousthel  yi¢ters from BPSK used by GPS in that it imposes an addi-
noise can ,St'” ruin Fhe carrier to noise ratio by a factor a8 ;5 square-shaped subcarrier to the transmitting &igna
that is critical partlcula_rly In noisy en\(|ronments, andutrb literature [4], a BOCfn,n) representation specifies the subcar-
be worse when strong interference EXIStS.. _rier frequencyf.. — m/f, and the chip ratef, — nf, where

Fig. 1 |IIustrqtes the structure of a typ_|cal Io_vv—IF receiVeye normalized frequency, — 1.023 MHz. For example, a
where the carrier frequency of the received signal from t C(1,1) signal has a subcarrier frequency of 1.023 MHz and

antenna is 1575.42 MHz. The received signal is first selectgd. 4o chip rate of 1.023 Mcps. Both signals can be expressed
by the SAW filter and then amplified by the LNA. Because thﬁmthematically as

IF is 4.092 MHz, the amplified signal has to be mixed with a

LO of 1571.328 MHz. Therefore, a temperature compensated sp1(t) = Dri(t)Cra(t) 1)
crystal oscillator (TC_X_O) WiFh the rgf_erence_ frequency of sp1(t) = Dp1p(t)Crip(t)Sc(t), (2)
16.368 MHz and a divider with the divide ratio 96 are used o

to generate the desired single tone. Once the signal has b¥8gre Dr1(t) and D1 5(t) are the navigation data of GPS
down-converted to the IF, a complex filter not only provide’s! @nd Galileo E1B, respectively. For simplicity, only thatd
channel selection but also enhances resistance to the ima@annel, E1B, is considered', () is the coarse/acquisition
is commonly adopted. Since it requires its two inputs to H&/A) spreading code for GPS L1 whil€'pip(t) is the
quadrature, two mixers as shown in Fig. 1 are needed. TH&9ing code for Galileo E1B, and

signal level after complex filtering is adjusted by a varéabl Se(t) = sign(sin(27 foct)) (3)
gain amplifier (VGA) and digitized by a 2-bit ADC. _ _ ) ) _

In this paper, after briefly reviewing the fundamentals df the subcarrier. All of t_hese binary S|_gnals_ are encodé@nhus
modulation used by GPS and Galileo, the mixer imbalanégctangular pulse amplitude modulation with the non-retur
model is formulated in subsequent section. Following tH8-Zero code. _ _ _
discussion of mixers imbalance is the modeling of complex The symbol rate of GPS L1 is 50 sps, that is, each binary
filters where we demonstrate the design procedures for GRYMbol takes 20 ms to transmit. There are totally 20 idehtica
C type complex filters and clarify the filter mismatch an&/A code periods within one data symbol, so each C/A code
mixer imbalance can be modeled together in terms of transR§fiod is 1 ms. Since one C/A code contains 1,023 chips, the
functions. Final sections are the simulation results arel tHuration of each code chip is roughly about 977.5 ns. In terms

conclusions that conclude this paper. 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
GPS/GALILEO SIGNALING ON L1 BAND spreading code, the code chip duration is the same as that of

Both GPS and Galileo exploit direct sequence spread sp&PS.
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As shown in Fig. 2, it can be seen the most apparent ir Tir >

difference in signaling for GPS and Galileo is the subcarrie
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 t0 th§eree 2 24is/2 i the amplitude mismatch a2 6, /2
subcarrier modulation of Galileo, the main lobe is traslab  ig the phase fmbalance. In a similar way, it can be shown that
bilateral sides with respect to the carrier frequency ofdige o quadrature-phase component of the synthesizer owput ¢
nal. The amount of translation is determined by the subearry,o expressed as

frequency that is 1.023 MHz for BOC(1,1). In consequence,

the filtering bandwidth for a GPS/Galileo receiver will have aQ = acom(l —€)

to be at least greater than 4.092 MHz so as to receive the 00 = Ocom — 0. 9)
two-side lobes.

Fig. 4. Role of a complex bandpass filter in the front-end rchai

By doing so, the down-conversion process as shown in Fig. 3
MODELING OF I/Q IMBALANCE IN MIXERS can be viewed as first performing a mixing the RF signal

In order to model the imbalance of amplitude and phad&r(t) with an ideal LO. Afterwards, I-path and Q-path
between in-phase and quadrature-phase signals genemated fignals are cross-coupled according to the phase imbalance
the frequency synthesizer, each amplitude and phase compaéind then weighted by corresponding gain mismatch such
nent is decomposed as the combination of a common-mdhat the input signal$’ ;(¢) andV; ¢ (¢) to the complex filter

and a differential signal. According to Fig. 1, define théan be expressed as

common-mode amplitude.,,,, and differential amplitude; ¢ Vi1(t) = Var(t)as cos(wrot + 6r)

between I/Q as
ar + ag =Verr(t)(1 4 €)acom [cos(wLot + Ocom) cos b
Aecom — 2 (4)

—sin(wrot 4 Oeom) sin 9}
= (1+€)(Vx,1(t) cosd + Vx o(t) sin )
Vi) =(1—¢)(Vxq(t)cosd + Vx ;(t)sind).  (10)

adif = ay — aq (5)

where a; and ag are the amplitude components of I- and
Q-path, respectively, and the common-mode phasg and

differential phasé),;; between 1/Q are defined as whereVy ;(t) and Vx o (t) are the equivalent IF representa-
P 0 + 0o ©) tion of RF signal.
come 2 MODELING OF COMPLEX FILTERS MISMATCH

Oais =01 = bq (") In order to suppress the image signal, a complex bandpass filt
wheref; andf, are the phase components of |- and Q-pathfter quadrature mixing is usually adopted in a low-IF reeei
respectively. When the mixers are perfectly balanced, ame do pass the desired signal while attenuating the image Isigna
expectu; = ag and|0;—0g| = /2, thatis, besides amplitudecomplex filter can be designed by translating a lowpassfeans
components of I/Q are identical, phase difference betwkgn Ifunction into a complex bandpass one of which the asymmetric
is exactr/2. frequency response is used to differentiate the signal hed t

After rewriting the amplitude and phase component of | amage. In general, complex filters take in-phase and quadrat
adis )2 phase signals as its inputs and generate two outputs fallowe
a—) by two analog to digital converters for digitalization. Ttveo
com paths of digitized signals can be further processed byaligit
complex filters for a better image suppression; nevertbeles
Or = Ocom + Oais /2 the trade-off for greater image rejection is the higher e
= Ocom + 0, (8) cost. For commercial products, the requirement of interfee

ar = (acom + adif/2) = acom(l +
= acmn(1 + 6)
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rejection is not as stringent as for military usage. Thaefae

will hereafter assume only one ADC is utilized for digitigin

analog samples, and analyze the tolerant imbalance between Vio(®)
I/Q mixers and mismatch of complex filters for adequate image

Y

R,(w) _’C'D_’ Vool@)

rejection. ) ) Fig. 8. Decompose a complex transfer function to four reaigfer functions.
The role of a complex BPF can be visualized by an example

depicted in Fig. 4 where the desired signal is locatett At -
and the image is located atf;yc = £|fro — frrl- Itis  the 1/Q paths. Consider a typical LC-ladder LPF shown
worth noting that for GPS/Galileo system, unlike the given ein Fig. 5 as an example, those component values can be
ample, the power spectrum density of the signal is far béneatasily calculated [7] once the filter order and bandwidth are
the noise density and is not perceivable by a spectrum agralyzietermined. Because the resistors and inductors are disadv
For simplicity, both down-conversion mixers are assumed tageous for integration, Gm-C implementations which udg on
be ideal, i.e., they perfectly perform frequency tranelati transconductors and capacitors provide a better solufiba.
shifting the received spectrum by an amount-of.o. After transformation formula is given in Fig. 6.
mixing, the desired signal is moved fgr while the unwanted  After replacement for the resistors and inductors in both I-
image is located at-f;r plus some high frequency termspath and Q-path, we will have two LPFs that have exactly the
which can be simply filtered out. For a conventional real BP§&ame response as their LC-ladder equivalence given that all
with symmetric response, it will have equal gain for both theomponents are ideal. The complex response can be obtained
signal and the image; therefore, the image power will definit by inserting those transconducto€s;§ between I-path and Q-
degrades the reception performance. In contrast, as showipath as shown in the Fig. 7. The amount of shifting is also
Fig. 4(b), the complex filter with an asymmetric response gbntrolled by those transconductance as
able to pass the signal and abate the image simultaneously, a.
improving the receiver sensitivity. After filtering, thealepart — =wrp, fori=1,...,5. (11)
output of the complex filter is taken by one ADC, imposing Ci
the residual image onto the signal as in Fig. 4(d), however,Undoubtedly, if all of the filter building components—
if the complex filter is designed carefully, the residual gea transconductors and capacitors are perfect, the corrdsppn
power is negligible. complex transfer function will be ideal as well. However,
For implementation of the complex filter, a Gm-C basedue to processing variations and layout imperfectnessetho
lowpass filter [5], [6] originated from a LC-ladder protogyfs transconductance and capacitance will deviate from their d
used as a starting point and the response shifting in frexyuesigned values such that the image rejection ratio (IRR) will
domain is achieved by cross coupling transconductors legtwelrop according to the level of inaccuracy of these companent



TABLE |
DESIGNVALUES OF FILTER PARAMETERS

Butterworth c c c c c Butterworth c c c
Order t 2 3 N ® Order ! 2 3
5 1.92 pF 5.03 pF 6.22 pF 5.03 pF 1.92 pF 3 3.11 pF 6.22 pF 3.11 pF
G G, G, G, G, Gy G G, G, G,
40 ps 49.42 puS 129.37 puS | 159.92 puS | 129.37 pS 49.42 puS 40 ps 79.94 uS | 159.87 puS | 79.94 uS
Chebyshev Chebyshev
(0.1 dB ripple) G C, C, C, C, (0.1 dB ripple) G C, C,
Order Order
5 3.58 pF 4.28 pF 6.16 pF 4.28 pF 3.58 pF 3 3.22 pF 3.58 pF 3.22 pF
G G, G, G, G, Gy G G, G, G,
40 ps 91.96 puS 109.95 uS | 158.36 uS | 109.95 pS 91.96 uS 40 ps 82.84 S 92.14 uS 82.84 S

Although using different type or order of filters will have
different level of attenuation, the components mismatct wi
degrade the IRR performance no matter what kind of filters

are used. As a result, the distorted response due to comizonen —fr 0 fp
mismatch needs careful consideration before actual imgrhem (@
tation. Vi p(@)H 7 (@)

According to Fig. 8, it can be shown that the transfer

function of a complex filter can be realized by four real tfans - Hir@)
functions and the complex filter output is given by [8], [9] my— = 7
Vo.ow) = Hs(@)Vie(w) + Hu(@)Vipw), (12) A
ocl@
whereVp ¢ (w) is the frequency response of
Vo,o(t) =Voi(t)+iVoq(t), (13) MM‘
and V7 ¢(w) andV; p(w) is the frequency response of o 8) I
Vie)=Vii(t)+jViolt 14
ro(®) i )+ 1.0l ), (14) Fig. 9. An example of overall signal and mismatch transfercfions.
and
Vio(t) = Vii(t) = jVie(®), (15) From (10) and (12), the effects of 1/Q imbalance can be

respectively. As shown abové&; «(t) and V; p(t) are com- included and the complex filter output can be reformulated as
plex conjugate pair. That is, i¥/7.¢(t) is regarded as the v —H v TH v 16
equivalent representation of the desired signal at the IF, 0.0(w) sr(W)Vxcw) mr(@)Vxp(w), (16)
Vr.p(t) is the mirror image of it. Beside$/s(w) is the signal Where

transfer function of the complex filter and can be expressed Her(w) = Hg(w)(cos 0 — jesin6)

as
_ +Hpy(w)(ecosf — jsind), 17
ety — (B1(0) + Ba()) +5(Qi(w) + Qa(w)) uleleent = smd. G
s(w) = 9 ’ is the overall signal transfer function and
a.deM(u{) is the mismatch transfer function of the complex Hyr(w) = Hg(w)(ecos@ + jsin )
filter and is derived as FHyr(w)(cosf + jesin) . (18)

(R1(w) = Ro(w)) +7(Q2(w) — Q1(w))
5 .
Ideally, given no mismatch of componenfs; (w) will equal

Hy(w) = is the overall mismatch transfer function. Analogous to) (14

and (15),Vx c(w) andVx p(w) is the frequency response of

to Ro(w) and Q,(w) will equal to Q»(w) as well such that Vx,o(t) =Vx1(t) +iVxq(t), (19)
Hs(w) will be zero andH ¢ (w) will be identical to its lowpass d

counterpart except the central frequency is now situated at

rather than at D.C. Vxp(t) =Vx1(t) —jiVx.o(t), (20)
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respectively. A typical spectral representation ff¢(w) and frequency ofH ,r(w), both interference are out-of-band, and
Hyr(w) is given in Fig. 9. It is obvious thaVx «(w) and the third is the image attenuated by the positive frequency
Vx p(w) mirror with respect to D.C., anfl s7-(w) is responsi- of Hgp(w) which is the in-band interference. Accordingly,
ble for retaining the signal portion of positive frequenclyil®@ the receiver performance in terms of the carrier to noise rat
image is rejected according to the stop-band attenuatidimeof (C'/N) can now link with the IRR as

filter. Including the nonideal effects of 1/Q mixer&l;r(w)

let unwanted image of both positive and negative frequency
components into reception. Although the negative frequenc
components ot/x ¢ (w)Hsr(w) andVx p(w)Hprr(w) could

be further mitigated by a digital complex filter in basebaifd, . . .
the complex filter output is sampled by two distinct ADC¥Vh.ere.NI are three addmongl |nt§rference powey, is the
for both 1/Q paths, the positive frequency component &blqunous AWGN, and IRR is defined as
Vx.p(w)Hpyr(w), however, is unable to be separated and

C C C 1
R A S 21
N No+N; Ny 1+IRR Y’ (21)

eliminated easily, particularly if the image signal is nqireor  [Rp 2 No
information to the receiver. N
. . . 2
From Fig. 9, there are three different sources of interfegen — [Hst(wir)| )
the first one is the image attenuated by the negative frequenc |Hsr(~wir) > + [Hyr(—wir)? + [Hyr (wir)|?

of Hsr(w), the second is the signal attenuated by the negative (22)
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SIMULATION RESULTS In order to evaluate the IRR performance based on (22),

For demonstration the usefulness of the proposed evaguatfPth ransfer functions offsr(w) and Har(w) are ';E(’f)d.ed'
method, the single stage down-conversion low-IF prototypd®™ (16).Hs7(w) will be the transfer function o% i
GPS/Galileo receiver is modeled with the IF located at 4.0$p€ mirror spectrunx p(w) is zero, so will its time domain
MHz. The receiver's analog front-end contains a passive dfPresentation given by (20) be, whose trivial solution ban
tenna, two quadrature mixers, a Gm-C type complex filter af@und by settingVx ;(¢) = 1 andVx ¢ (t) = —j. That is,

one ADC. Two different types of response—Butterworth and Vo)
Chebyshev filters of both 5th- and 3rd-order are considered i Hgr(w) = m
this work for comparing their performances of IRR. We tar- X Ve ()=1.Vx q()=—

geted for an IRR of 25 dB since it will introduce approximgteland H 7 (w) can be obtained in a similar way except alter-
about 0.01 dB ofC/N loss [10] that is usually acceptablenating the polarity of’x ¢ (t) as

, (29

in most cases. According to the Butterworth and Chebyshev v

. ) . ~ Voc(w)
prototype of LC-ladder filters, the design parameters adrfilt Hyr(w) = V(@) (24)
after Gm-C transformed are summarized in Table | where the XD Vi 1 ()=1,Vx.q ()=

values ofGG; are chosen for the purpose of having a frequency From previous discussion, the effects of mismatch transfer
shift of 4.092 MHz. CAD tool of Agilent Advanced Designfunction H,,;(w) will be negligible if the complex filter is

System (ADS) is adopted to build the testbed and Monte Caperfectly matched. As a result, we consider the filter com-
simulation is used to verify the correctness of predicteR.IR ponents mismatch errors of maximum of 1% deviation from



: . . : TABLE I
their nominal values, but the amplitude and phase imbalance TOLERENCE OFMIXER |MBALANCE

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

5th-order 3rd-order 5th-order  3rd-order
Butterworth  Butterworth  Chebyshev Chebyshev

HST(W) _ Hs(w) and HMT(W) _ HM(w). According to 1% independent errors of filter components
the simulation results, the signal transfer functifig(w) is |emax| [%] 4.2 3.8 4.2 32
hardly affected by the mismatch, but the imbalance betweentmax| [°] 2.8 2.9 3.0 2.7
I-path and Q-path components do cause a large portion of 3% independent errors of filter components
interference power on the reception which is predicted by . | o] 1.0 0.2 04 nla
Hr (w). |Omax]| [°] 1.8 2.6 2.3 n/a

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 thaligr(w) and Hyr(w) have . .
similar response except for a different gain. That is alst é Neggggrg}ai?g: (;ag:u;ﬂ;?;r'?]m\g(rjfir?ngﬁggral::jdgﬁgnggr‘ge
expectable because the mismatch transfer fundtignw) is light on the re ui?ement )(;f IRRpfor a GPS/Galileo system
almost zero hence botHgr(w) and Hsr(w) are dominated dgesi ner q y
by the signal transfer functiod/s(w) and are weighted in gner.
accordance witkk and 6. Unlike the case of filter mismatch, ACKNOWLEDGMENT
th_e overa!l mysmgtch transfer funCt'ﬁMT_(”) W|Illhave & The authors would like to thank the support (in part) by
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Nowadays a low-IF architecture draws lots of attention for
GPS/Galileo receiver not only for its cheaper implemeotati
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 quer
hensively modeling both quadrature mixers and the follgwin
complex filters that are main contribution to imperfect IRR i
the front-end. In this work, based on the approach to pricise
model both the 1/Q imbalance of mixers and components
mismatch in complex filters, the linkage between IRR and



