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Abstract— In this paper, a design approach for g-C complex
filter for intermediate frequency (IF) is formalized. It is based

on decoupled first order g,-C sections, each one centered at a

different frequency with respect to the others thatcan be
stacked in series to get the final band pass filteesponse, with
order equal to the number of stages. A simple caseith two

stages is presented to show selectivity improvementhen
difference between the two center-bands increase,ittv ripple

increase as drawback. An optimal setup with good ketivity

increment and still zero ripple (flat pass-band) isalso shown.
Then, the approach is extended to third order. Theapproach
has been used for IF filtering in STMicroelectronic GNSS
receivers, but it is applicable to other wirelesseceivers.

Keywords- g,,-C filter, complex filtering, low-IF receivers.

l. INTRODUCTION

The complex intermediate frequendgiF) filters have
been proposed for radio frequency (RF) front-erspéeially
for the low-IF ones) for their characteristic ofeing both
out-of-band and image signals, due to their asymoadt
transferring function [1]. Several implementatidvas/e been
disclosed in technical literature, such as [1]-f8hinly based
on active circuits, while related impairments haerb also
analyzed in [9] and the references therein. Amonigsse
implementations, it has been chosen the one based
decoupled first order stacked stages with operatitrans-
conductor amplifier (OTA) and frequency shift ofrgass
prototype. This choice presents lower current consion,
good response at high frequency and simple, regarble,
modular design [10].

In the state-of-the-art implementation gf@ multistage
complex IF filter, each stage is centered on thmesa
frequency with the same bandwidth, as in [1], [A§ 415]
and the references therein. In this contributioa,farmalize
an approach considering different center frequdacyach
stage (and eventually different bandwidth). Thesater
frequencies will be placed symmetrically around teater
frequency of the final filter. This approach aclas\wbetter
performances, especially in terms of out-of-barnenatation,
image rejection and flatness in group delay respomith
lower current consumption (as shown in [10]). Maem it
allows more freedom in shaping the filter frequeresponse
for a given filter order. We adopted it in designian IF
filter for Global Navigation Satellite Systems (GSBIS
receivers described in [10]-[12].
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Section Il describes the complex IF filter architee, as
in [10]; Section Il presents the proposed approach
considering the second order complex filter caseyiging
equations for filter design, and comparing the bara
between coincident center and non-coincident cecdses.
Section IV gives a brief extension to third ordand the
main conclusions are drawn in Section V.

II.  COMPLEX FILTER ARCHITECTURE

Filter architecture is based on decoupled firsteord
sections stacked in series to get the final barsd-giter
order. Each single stage band-pass filter respassa
frequency shifted version of a low-pass one, desigmsing
active components with trans-conductors and capac{g,-

C or OTA-C). Fig. 1 shows the architecture usefl8j-[12]

for the single-stage, where the first order lowspiequency
response is set by the OTgAx and capacito€ values, with
bandwidth given byf p = (g./27C). The structure with the
O OTA is a gyrator that creates a feedback between in-
phase (I) and quadrature (Q) branches performirg th
frequency shift of the low-pass prototype respoobégining

a band-pass centered at a frequency defined thrguggnd

C values according to the formuléyye =(0n/27C). The
transfer function can be obtained just puttingtthaslation

0 L
jw- | @] Wenter 1)
in the transfer function of the low pass versidd,[13]-[14]:

. G
Hep(jo) = @)
ol I+ jdwe
resulting in
Hep(jo) = G ©)

1+] (w_ Weenter )/C‘)LP

with G = (Qna/Omy), Where the third OTAg,g, is used both to
decouple each stage with the previous one andadide a
gain (as a free parameter).

In [10], we performed several schematic level
simulations for defining design parameters valisea aetter
trade-off amongst requirements of bandwidth, ineban
group-delay variation, image and out-of-band réectWe
considered a8 or 4" order filter comparing in detail two
cases:
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« stages with same center frequency and bandwidth;
- stages with different center frequencies,
bandwidth.

Low pass section ’—‘
T

gmll

Figure 1. Complex filter single-stage basic architecture.

For a final pass-band filter centeredwatqr and band

samequal to 203, Wenter1@NdWenerMuUSt be chosen symmetrical

t0 Ghentes that iSeoerer = (Ceomtert + Coanter2)/2 - Normalizing
all the frequencies with respectdp, (4) and (5) become:

2
Heliw) =—2 (6)
1+jwn—wcj
(o)
2
Hye(iah) = S @)
(1_'_]%_0‘)01} 1+J _wCZJ
@, @,

where &, =a/ag | G = Geenter /G Go = Wp/ls

It was easily recognizable as the second case misese %c1 = center1/ g » Ceca = Gcenter/Ceg - @nd the normalized

better performances, especially in terms of oubarid
attenuation, image rejection and flatness in graighay
response. In fact, in [10], we have observed tivagn all
stages share the same center frequency, if widsiwidth
are needed with low-order filters, the propertieébath out-
of-band and image rejection rapidly becomes no¢ptable.
On the contrary, the different center frequencyfigomation
can achieve wider bandwidth while maintaining lorger IF
filter with good rejection for both out-of-band amthage
signals. The drawback of this latter approach @t tine
implementation needs different gyrators, one farhestage,
instead of only one type for all the stages. Origedf the
stages main parametefs,{, fLp and G), therg.s, g and
Omz are fixed from the previous formulas and all thens-
conductors can be designed. For the details ofctiouit
design and measurement results, see [10]-[12].

Ill.  COMPLEX FILTER FORMALIZATION

To formalize what has been observed both by sinaulat
and by measurements on the implemented IF filiérs
better to take into account a simplified versiothvanly two
stages, obtaining a second order filter (but th@e@gch and
the conclusions can be straightforwardly extenaedigher
order complex analog filters). In this case, thansfer
function for two equal stages is

G2

5 -
(1_‘_ j w_wcenterJ
Wp

He(jo) = (4)

Meanwhile, for two stages with centers respectivaly
%enterland%emerZis

Hnc(ja) =Hegp(ja) [Hgpo(ja) =

= G E G : ©)
1+] W Weenten 1+] W~ Weenter2
Wp Wp

Copyright (c) IARIA, 2013. ISBN: 978-1-61208-284-4

filter bandwidth is 2. In the same way the uppeB 2drner
of the band is; +1 and the lower isw, —1.

A. Coincident Center Frequency Case
Without losing general validity, we S . (ja,)| =1,

this lead to G=1. Now, we want calculate the sirgge
low-pass normalized bangy, needed for a final normalized
bandwidth equal to 2 of the two stages filter. Théppens
when the magnitude at the normalized upper bandecor
a, +1 is 3dB lower than the center-band one, that is:

|Hc[j(wc +1)]| 1
|Hc j(wc)|

7 ; (8)

considering (6), condition (8) is verified fap=1.554.

This means that in order to have a two coincideages
band-pass filter with bandwidth oti@ we need a low pass
bandwidth of 1.554 for each single stage.

B. Different Center Frequency Case

Setting ay = (acz - acl)/Z , then ay=w-a«y and

wo= wt+ @, and equation (7) may be written as:

Hye(ia)| =
Gl C)

(- o) + 2k - e -V + (o + [

Analyzing this function it is possible to distinghi two
cases:
* if @< then the filter frequency response has only
one maximum (MAX) aty,=w, equal to

MAX = |Hyc(ja)| = G%d /[of + )

(10)
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minimum (min) atu,=w. equal to

min=|Hyc(ja) =G%f/(cf+af] ()
and two equal maximum values at
W, = Oyay = W, £ AJ0E - w2 (12)

both with value

MAX=

el il +ef -ab) | =G'a /2. (19

Considering the first case, we want to calculalsy éor
non-coincident center, the single stage low-passalized
band needed for a final normalized bandwidth etu#& for
the two-stage filter. In general, we obtain a ddéfd value
respect the one calculated in section A; for tleiason, let
put a instead ofay to distinguish the new variable. Further,

we set|H yc (ja,)| =1 obtaining from (9)

G? =(af +af?)/ af? (14)

and

Hyc(iawn)|=
of +af

Ve - @) +2lat? - af Y - F +(of + 2

_ (15)

Then, setting (8) for 3dB cut off at, +1 we obtain:

WP =1-w? £ wi-4wF+2 .
These are valid whenO<ay swlz—\/?; and

awy 2\12+\/?; the plot of (16), ‘+' case, results as in Fig. 2:
all the negative values are not acceptable, soamedéscard
the values forw, = \/2+\/§ . Furthermore, we must discard
the solutions not compliant witlwy <« ; plotting the
square root of (16), it is easy to verify that otlig solutions
for 0<ay <0.7596 can be considered. Other solutions of
(16) can be found in the *-* case, but the conditig < «;,

is never satisfied and cannot be considered. Bal, $olution
in ay <a, caseis

(16)
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if >« then the filter frequency response has one

w,) :\/1—405 + Wi - 4wd + 2

true for 0< ay <0.7596. Fig. 3 shows the needed low-pass
bandwidth of each stage versus frequency distaficheo
responses of the two stages. Observing this motyf=0 we
should have the previous coincident center cas,rafiact
we found the previous value; =, = 1554; when «
increases them., decreases: this means that each stage can
have a narrower bandwidth for obtaining the desired
resulting bandwidth of the whole two-stage filtdrat is a
normalized value equal to 2. This lead to highepslof the
out-of-band response, that is higher out-of-batenattion
with the same bandwidth, so it is possible to abtimore
selective filter. Just to make an example, choosing0.7,

we obtain,=1.0194, less than,, = 1554in the coincident

center case also satisfying conditiop:< a, .

In order to evaluate the selectivity improvemehg out-
of-band attenuation can be calculated anywherebfiih
cases, e.g. inp+10. For not coincident case from (15),
substitutingay=0.7 and &, =1.0194, we have

17

Anc (@, +10) = 364dB (18)

for coincident center case, from (6), (8) and G=é have
Ac (e, +10)= 325dB (19)

with 3.9dB of more attenuation in the not coincidease,
resulting in more selectivity as both have samemadized
bandwidth equal to 2.

Choosing another value of out-band frequency, mehee
band of the filter, for exampl&+3, we have

Avc(3)- A:(3)=160-135= 25dB (20)

and that confirms the selectivity enhancement.

25

- — -+ -1

ol 1144

W=+ -+ —

-25
0

-
@

Figure 2. Plot of Eq. 16, plus case, for the allowed valofesy.
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Figure 3. Plot of Eq. 17, for the allowed valuescf.

Now, let's consideray >ay , still with not-coincident

center, and set the values of the two peaks equdlAtX=1
without losing general validity, so from (13) is

G? = 2wy /d, (21),

and (9) becomes

SNV
|H NC(J%)| =
_ Aafady (22)
()" +2let? - e~ + (ot +at?f
Then, once again, we impose a normalized bandwafith
the resulting filter equal to 2; this means thatun+1the

response must bé/\/z times the maximum. From (22)
imposing the condition (8) we obtain:

W), = \/3405 -1% 2wy+/20w2 -1

valid for 2]/\/5 The plot of (23) results as in Fig. 4: as

easily recognizable the ‘+' case (dashed line) dudsnatch
the conditionay >« , so can be discarded. Observing the ‘-
' case (continuous line) is possible to split theve in two
parts: the first one, on which we focus our interegth
decreasing value of., for ]/x/Es wy <1, up toay =1,
that means when the center frequency separatidmeatfivo
stage is equal to the bandwidth of the whole filterthis
point the &, required is zero, so it is only a theoretical limit
The second part forwy >1, that is center frequency

separation of the two stages greater than the hdtitaf the
whole filter, lacks of interest because the respoofiseach
stage is completely separated from the other, saiseful to
obtain an appropriate overall pass-band response.

Returning to the rangb/ﬁs awy <1 in (23), as noted
before, the decreasing characteristic cdf suggests more

(23)
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Communications

selective behavior for higheg; further, the presence of two
peaks, as formalized in (11), (12) and (13), mgaBsence
of in-band ripple: whengy increases, the minimum i
becomes lower and the ripple increases. It is itambrto
check when ripple is too big.

If the difference between maximum and minimum
becomes greater than 3dB then we can consideetipemnse
completely separated into two distinct lobes, noceatable
as band-pass characteristic. The limit of the aente
frequencies separatiom, that still gives us a unique filter

band is given for ripple equal to 3dB, that is:

_ |HNC[j(wc)]| _1

= : . 24
|HNC J(wMAXj“ V2 @

Considering the (21) and the (22) then is

F(ay)

F(wd)zzwd%/(%z +‘U§) (25)

where «; has the value for a final band equal to 2, given b

(23) for ]/\/E < wy <1; substituting it we have:

2 ug-1)
2o -1-1

Plotting (26) (see Fig. 5) the condition in (24 s#&tisfied for

ay =0.77679; this value gives the maximum acceptable
ripple. Observing the same plot is fine to notet tfa

ay ::I/\/E we found F(«y)=1. This is the case with no

ripple, because the minimum is equal to the two imar
values, and coincides with the case previouslyistldor

&y < &y having only one maximum, where we observed that
higher &y brings to higher selective filter.

F(

(26)

6

: i i
— — eq.24 with + | | _ -
: | |
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Figure 4. Plot of Eq. 23, for the allowed valueswof.
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Figure 5. Plot of Eq. 26, for the allowed valuescf.

So, choosingu, = 1/+/2 gives the resulting filter with
higher selectivity and no ripple; if we can accepple, we
can choose a greater value aoiy in the range

1/V2 < wy < 0.77679. In particular we can choose values

nearer to 0.77679 for better selectivity despitewafrse
ripple. If for example we choosey = 0.77 from (23), *-'

case, we havey; = 0.3389, very low compared with the

one of the best values we can havedgr< wj, for example
for «y =0.7 from (16) we already found; = 1.0194 >»

0.3389; in this way, with so low,, we have much more

selectivity. If we compare it with the coincidergnter case,
the difference is even bigger (from (9) it
1.554>>0.3389). Evaluating the attenuation in tees out-
of-band frequencies used in the examples in alptegious
cases we obtain the values in Table I.

Another interesting example can be considered Her t
out-of-band

“optimum” setup that gives maximum
attenuation with still zero ripple. As already dissed, it is

forwy = 1/4/2 in wy = w; case, and for abouty =0.7596
in wg < wycase. The values abjare1/+/2 and 0.7622
respectively, while the related attenuations tgr3 and

was

IV. THIRD ORDER CASE

In this section, we will give a brief look to thierd order
case. For three stages with normalized centerpectsely,
in @1, @, anda the transferrindunction is

Hne(lah) =
- K . @27

(1_'_] %_wdjl:ﬁl"'j%_wczj(l*'j%_wc]
a)O a)O a)O

where K=G;G,G; is the filter gain, «, = a./o;B ,
Qe = Qugenter /wB v Qg = a’centerl/“B v Qo = wcenterZ/wB '
Gy, =G p/twg and the normalized filter bandwidth is 2.
Moreover, ap; and @, must be chosen symmetrical tq,
that is ¢, = (@ + aep)/2. Settingay = (e — @ )/2, then
W= @- @y and o= @+ @, equation (27) may be written as

K (28)
1+j%-ae-ae][1+j%-%J
@, @

Hyc(jah) = ot
(1”-% @ aﬁ]
@

Setting x:(a;n—a;c) and developing denominator in
(28) we obtain:

ng
wo(wd-3x2+w3)+jx(Bwi-x2+w3)] ’

Hyc(w,) = [ (29)

The square modulus becomes:

K2w§

|HNC(iwn)|2 = [ (30)

w3 (w§—3x2+w‘21)2+x2 (3w} —x2+w§)2]

Maximum and minimum values will be related to
minimum andmaximum values of denominator in (30). So,
let us consider the derivate of the denominatoh wétspect

@+10 are in Table I In both cases, the maximumig x equating it to zero (defining for whichthere could be

attenuation with zero ripple is when the two-staigeguency
separationgy, is equal to the single stage bandwidth

TABLE I. COMPARISON OF OUFOF-BAND ATTENUATIONS AMONGST
NON COINCIDENT FREQUENCIES CASES AND COINCIDENT FREJENCIES

maximum and minimum values):
6x° + 4x3 (3wl — 2w3) + 2x(Bw3 + w3) =0 (31)

The first solution ix=0 => = &, other solutions from:

Ripple ws=0.77 | No ripplew=0.7 Equal Freq.
w+3 | Anc=2430B Ac=16.0dB A=135dB 4 2 90 o T D,
@10 | Awc=4560B | Ac=36.4dB A=325dB x* +2x*Bwg — 2wz) + 5 Bwg +wg) =0 (32)
settingx’=y, solution of (32) has the following expressions:
TABLE 1. MAXIMUM OUT -OF-BAND ATTENUATION WITH NO RIPPLE
. r . ] 1 1

No ripple Gy = G No ripple &y < G, Y12 = =3 Bwi — 207) £ way/wg — 12w5. (33)
w+3 Anc=19.1 dB Ac=17.9dB
w:+10 Anc =40.0 dB Ac=387dB Solutions (33) are real fas3 > 12wZ. If this last holds,

these are acceptable solutions faif and only ify; 0. In
this latter case, both solutions are non-negatweethere are
two couples of frequencies to be considered:

Lastly, maximum selectivity, with 3dB ripple, isrfay=
0.77679, obtainingAnc(w+3)=24.6dB and Anc(w+10) =
46.0dB.
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Wn1 = We /Y1

. (34)
Wny = We /Y2

(1]

On the contrary, ify; <0, there will be only one real [
solution for (33) and fory=c the transfer function present
only a maximum and no ripple:

Kok (3]

L
(0 +w))

|Hye Gwe)l? = (35)

Consideringy; >0 for the frequencies in (34), the transfer [4]
function presents more solutions. In this case,cam have
three maxima (one always from (35)) and two miniawad
ripple will be present as in Fig. 6.

(5]
[6]
[71
(8]
Figure 6. Third order complex filter transfer function (daetjd transfer
function of each first order stage.
For this case, we have to verify both thgt c@+1 is cut-
off frequency and the in-band ripple; imposing mh@ximum
value for this last parameter in order to verifyttiere are [°]
acceptable solutions famy and ay. For instance, fonj =
12w3 the ripple is not acceptable. Moreover, it can be
observed that the selectivity increases as a fomat . [10]

V.

We have described an approach for multistage Comple[ll]
IF filter design able to reach a good tradeoff lestwin-band
ripple and rejection of both out-of-band and imégguency
using different center frequencies in each stagep a
choosing properly their bandwidths. Formulas areo al
provided for the filter design in the two stagessea
obtaining the desired selectivity and ripple jusbasing the
bandwidth and the center frequency of each stagehwe
also briefly described the third order case aneresion to
higher order is quite straightforward. We have dedghis
approach for IF filter design in STMicroelectroniGNSS
receiver, [10]-[12].

Future work could be the extension of the proposedi4l
approach to design filter where each stage shotfsrefit
order, bandwidth and center frequency asymmetyicall
placed respect to the center of the passband.

CONCLUSIONS AND FUTURE WORK

(12]

(23]
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