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1. Research Background
Research Objective & Design Approach

| Objective |
De5|gn of Image Rejectlon Filter for Blue-tooth Receiver: |
o Low image noise

_0 Simple Model of RC Network )

Approach I \

o Derivation of transfer function of 4-stage passive rc
network based on widened superposition principle

o Mathematical analysis of transfer function of 4-stage
passive RC poly-phase filter

o Flat pass-band gain with two RC band-stop filters

/




1. Research Background
Design Achievements of This Work

Conventional Design

1{1 V_“ I/Bl 133 I/('l R4

Vi R % Gl gﬁ V,, R G VC.2R4; <7,
Vg ?q - 26 YUY
I/in3R G Vi VB4R G VC4R G
v G g el G
B N O N B N BN
Proposed Design
Vi R Gplﬁ AR R”z,, AR P

Pass-band Gain
< Ripple Reduction

°  from 2dB
- 0.47dB

=0

Two RC band-stop filters



1. Research Background
Low-IF Receiver System Architecture

This Work
4th order |Limiting
Antenna MIXER Po;y;plmng_iltglr amplifier
T o | amhvdi=3li
% %_ : >< | - ADC
LNA ! : /\ > ..
L= Applications:
= FLL i ZigBee, Bluetooth,
ua andga
Gen . () VCo | Reference . | TV Set TOp Box ...
Merits Demerits @
o Low-cost o Image Noises

o Small-size o Power Loss
o High-integration o Noise Figure




1. Research Background
Frequency Plane of Low-IF Signals

MIXER V=4V Wanted
@ +Vigt¥m )
wanted image e @ . Signals
signals A signals @ ‘Vsig -Vim / N
A A :' ':
Vg * Vim cos o, V=V '@ '> V=V
>0 : A
O\)sig O\)LO O\)im Sin o t \ ®Il‘
LO @
@ 1V sig 1 Vim T | A d
: : anti-clockwise
@ 1JVsig -1V im Vi==jV
N H(jzﬂ'f)‘dB V,=+jV Image
amplitude S Wanted 00 . A@ Signals
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; M <~ Signals S \
Image ' ' ' y
. & 0,’ ~“‘ V=¥ — >/ =V
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H-> ¢ frequency \
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2. Analysis of 4-Stage Passive RC Network
Design of 4-Stage Passive RC Network

Parameter PPF
Input IF frequency | SMHz
Input IF Power |-60dBm
NF 10dB
Gain 0dB
Current. <SmA
Consumption

Supply Voltage 1.8V

Image Rejection

. <-30dB
Ratio IMRR




2. Analysis of 4-Stage Passive RC Network
Definition of Widened Superposition Principle

A superposition of energy at one place is proportional with
their input sources and resistance distances of transmission
spaces.

Widened Superposition Principle: E(t)
r N .
] L El. (1) . E ( f)
E0)—=2~" Em
\ =1 i =1 I Y, 5 ‘:.
E W E (t) |

E, (t) : energy at one place /v
E,(t) : input sources E ( t) \

d.(t) : resistance distances
. £



2. Analysis of 4-Stage Passive RC Network
Widened Superposition principle with sub branches

If a resistance distance is not direct or divided into small
branches, an energy at every small place will be calculated
by the direct resistance distances of every branch.

Sub resistance distancesu”%....

E, 0] ! ! _y B0 s s

4 d 1 d F :

ST+ i=1 A : Youb2 2 O :

A ! + ! + /,

dk_subl dk_sub2 :: dk/ dcub2_2

dl e
E,(t) : energy at one place 1 L—7E 1) —
Ei(t) : input sources 5O, / '\ d " E,@)/

d,(t) : resistance distances E () ¢

° ° E ZL ““’.
d,(t) : sub resistance distances | 3( ).



2. Analysis of 4-Stage Passive RC Network
Derivation of Output Voltages on 15 Loop

Widened Superposition Principle

V Y _ I/z‘nl + I/in4
Al “total A

L,
V. V.
» Vi Ytoml_A = +Zl—n1
% V. VC1
Vis Voo 4= S Zmz
1
I/i I/in3

— in4
VA4 Y;otal_A - +

[2Rlzc1 +(R +Z, ) (R, + ZCZ)] [2R Zey+ (R +Zo ) (R + Zgy )] +2(R,+Zey + R+ Z, )[(R1 +Ze )R Zey +RZe\ (R, + ZCZ)]

37C3

RZ,, {(R2 + 20y )| 2R Zes +(Ry + Zy ) (Ry + Zey ) |+ 2Ry Zey (Ry + Zy + Ry + Ze )}




2. Analysis of 4-Stage Passive RC Network
Derivation of Output Voltages on 2"9 Loop

Widened Superposition Principle

V
Vgl — VAI A4

V V

» » VBQ — A2_|_ Al
4 V V

VB3 — 43 A2

V

VB4 — VA4 A3

Here:

(R, +Zy )| 2R Zoy + (Ry + Zoy ) (Ry + Zey ) |+ 2R, Z ey (Ry + Zos + R, + 2,
Ry Zy | 2R Z oy +(Ry + Zy ) (R, + Zey) |




2. Analysis of 4-Stage Passive RC Network
Derivation of Output Voltages on 3" Loop

VB1 Widened Superposition Principle

14 14
VCI Y;otal_C = i—i_ =
V V
VC2 Y;otal_C = ﬂ—i_ -
<
C V V
3
I Ves Ytotaz_c = =
® ' Wy Ve Vs
VB3 IC ; R3 VB4 VC4 Y;otal_C -
Ve
Here:
v (Zey +R))(Z., +R,)+ 2R, Z,.,
total C

R3ZC3 (ZC4 T R4)



2. Analysis of 4-Stage Passive RC Network
Derivation of Output Voltages on 4" Loop

Widened Superposition Principle

r

Vi Yous o=

outl “total D ~— 7
Cc4

Y VC 2

total D =
ZC4

174 _ VC3 VCZ

out3 Y;otal_D o 7
C4

%

out?2

V. .Y

out4 “total D = 7
L C4

Here:

Ytotal_D = R 7




2. Analysis of 4-Stage Passive RC Network
Derivation of Output Voltages on 4" Loop

Voltages on 4" loop
e I B )
(e el ali2] G a2

v, V. V. V.
. + [sz R {z( , {ZCI +R, [Vjﬂ + [sz R, {ZCI +R, [V;H J
I/r)ut =
‘ [2RZey +(Zey + R)(Zey + R) [ 2R Zes +(Zes + Ry ) (Zey + R) |4 2(Zes + Ry + Zoy + R, (Zey + R ) R Zey +(Zy + Ry R 2,
| : | | [ Al
Zos 7o) Zoy+ R Z. +R Zo A2 | Zoy +R | “ | | S (R Z + R |
“1" { ' [V jH j { : [ jJ [Vj & { or [VJHV] { ot [VHJ
V., Z., R
+@R3 Z, +R Rz +R |V [| e +@R3JZ(,ZCI+R1@ o Yo g |z + g [ Y 1
V I/in2 I/in4 J Vinl 1 ) I/irl4 I/in4 V n3 J
o [2RZ,, +(ZC2 +R )(ZCl +R )][2R Zoy+(Zos + Ry)(Zoy +R) |+ 2(Zes + Ry + Zey +R) [ (Zey + R )R Zey +(Zey + Ry R Zy,
[ V) v )| [ vl (7 Vo )|
Zo 17, Zo +R, R, Z. +R Zo A7) Zo +R | - L \R | Z. 4R~
% { ’ [VJ{ ] { ’ [VMJJ vy { ot [V}{V} { ot [V}J
V3 ZC4 1 Vlin R4 [ 1
+[V""2JR3 Jz(l{zawe } {ZCI+R1 V“ﬂ " +[V"”IJR, Z(:{ZCI+R1 V""“H{Vl‘"“jzez {ZCI+R1 HH
I/in3 1 Vin 1 J I/irl 2 1 Vin 1 Vin 1 I/irl4 J
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[ V | V _1 [ I/in2 | I/iVIZ Vinl _1
ZosiZo)| Zoy+ R | =23 | o] 222 IRV Z + R, Zosi Zoy| Zoy + R | =22 | || 222 (R | Z, + R | -
1 I/irl4 i 4 I/in3 7J I/_3 1 I/in3 i I/in3 I/irl2 7J
V4 Zc4 ] VL R4 [ 1
+[V"”3JR3[Z {z +R } {ZCI+R1 VIH " {VMJR, Z(:{ZCI+R1 VMH{VMJR {ZCI+R1 V“H
V I/in4 1 I/in2 J I/in3 1 I/in2 I/irl2 Vinl J
out4 =

[2RZo, +(Zey + R, (2, )][2R Zoy+(Zos + Ry)(Zoy +R,) |+ 2(Zes + Ry + Zey + R)[(Zey + R )Ry Zoy, +(Zey + Ry R Z, |



2. Analysis of 4-Stage Passive RC Network
Model of Input Wanted Signals

N URAGEAORAG)

T 31
={1; j;=1;—/} ={1;e‘]2;ej“;e‘] : }

Positive poly-phase signals

I/inl — I/inZ — I/in3 — I/in4 :_j
V. V. V. V. :
in2 in3 in4 inl Wanted Signals
HGO) , Srs € oo
Pos_A, == &~
‘ A‘ SPos_D
phase / \
e )
plane J .
(] ‘>

0 /ot /opion Lios phasor



2. Analysis of 4-Stage Passive RC Network
Derivation of Transfer Function (Wanted Signal)

Transfer Function

H — I/outl — I/out2 — I/out3 — I/out4
I/z’nl I/1'112 I/in3 I/in4
_ _jR4 _jR3 _ij _le

([2RIZC1 + (Zcz T Rz)(ZC1 + Ry )}[2R3ZC3 +(ZC3 + R, )(Zc4 + R, )T
2(Zey + Ry + Zoy + R)[(Zey + R) Ry Zey +(Zey + Ry ) R Z

j2n fi j2n f 5 27 % 27 Ja 27R,C,
2 f % 27 S 27R,C, S 27R,C,
S /4 o7 Ja 27R,C, S 27R,C, Ja 27R,C,



2. Analysis of 4-Stage Passive RC Network
Derivation of Transfer Function (Wanted Signal)

Transfer Function

St (Lo b HR) -SSR LA+ A)fh]

3 ;

s AL R R ARA LSS,

(s4+s3(f4 + i+ o+ +2[(f43+f42+f41)+(f32+f31)+f21])
S S LK) S A, |

.ﬁ«@+£J+AJaﬂ«@+ﬁJ+ﬁJ]
o ((fas + Sa)+ S+ (s + fa2)+ fo)

fi (fifu + fofo + 1ifs2) ]
+fi(ffu+ fifo)+ fofifa

+S

+4 115/ +2[

+S{f4 LlL+ )+ 1 f3f2f1+2[

SPLREVENS




2. Analysis of 4-Stage Passive RC Network
Derivation of Transfer Function (Wanted Signal)

a=f,+ft
a, =fo st h v h) LA L

ay = fo 5\ o T h) L4 BAA

a, = f4f3ohh

a5:al+2[(f43+ﬁ2+ﬁ1)+(]§2+ﬁ1)+ﬁl]

Fi((fa + £5)* fa )+ S5 (S + L) + fan)
o (S + Sa) + S )+ L (fis + )+ Sa)
a; = a, + 2( [y (fifor + o + 1S )+ (oS + S ) + oo fas)

Transfer function

A =a, +4f;5 /5 +2

S4+jas3—asz—jas+a
; _ | 2 3 4
HPos(]27Tf)_ 4 3 2

s tas” +as” t+a,s+a,




2. Analysis of 4-Stage Passive RC Network
Model of Input Image Signals

Sheg_poy {Vl(t),Vz(t),V3 (t),m(t)}
:{V(t);—jV(t);—V(t);jV(t)}:{ e

Negative poly-phase signals

I/inl :I/inZ :I/in3 :I/in4 :'I'j
I/inZ I/in3 I/in4 V

inl

SNeg_C Neg'_i§Neg_A AlH(j(D)l
Image Signals  Sv. » KAAR phase
S [} L)
~a :' “‘ plane
(] )
] ]

.
e /oy, (0 phasor



2. Analysis of 4-Stage Passive RC Network
Derivation of Transfer Function (Image Signal)
Transfer Function
e JR, JR; JR, JR,
(2R Zo, +(Zoy + R))(Zey + R) || 2R Z s +(Zy + Ry ) (Zey + R, ) |
{Jrz(zc3 + R+ Zey +R) | (Zey + R R, Ze, +(Ze, + R, R Z,, }

o (s =i (it it ot K) =5 (AL S f) e A+ 1)+ St 4 s (A AL+ 5) 5 Sl [+ ARB )+ Sifi S

Fi((fa+ fo)+ S)+ [ ((fr + fa) * o)
+fo ((fis + fa)+ Sor)+ S ((fis + fr) + fr)

AV ARV AVENAEY S
sUs (Bt ot ft K2 (f o+ i)+ (fo+ )+ For ) +5° J

+4 £ fo +2[

Fi(fsfu+ Lo + fifn)
+15 (oS + fif)+ fofi s

+S{f4 LlL+ )+ Lk f3f2f1+2[ }+f4f3fzf1

Z . 3 2 .
ST —ja,s" —a,s” + ja,s+a,

H, (j2rf)=
v ) s +as® +as’+a,s+a,




2. Analysis of 4-Stage Passive RC Network

Composed Transfer Function of 4-Stage Passive RC Network

Wanted Signals
4 . 3
s+ ja,s® —a,s’ — ja,s+a
Hpos(jzﬂf) : J4,s 28" — Ja; Ly £>0
s +as’ +a.s’ +a,s+a,

Image Signals
Hy, (j27mf)=
Composed transfer function
‘f“ +a,f>+a,f’ +a3f+a4‘
\/(f“ va,—af*) +(af —af*)
Image Rejection Ratio

HPOS(] ﬂf) AL ),
HNeg (]27Tf) =/ S/

4

—ja.s’ —a.s* + ja.s +a
]1 2 Jd; 4Vf<0
s +aS +a6s +a,s+a,

\H(f)\: Y f e R

IRR =




2. Analysis of 4-Stage Passive RC Network
Analysis of Transfer Function (Positive Frequency)

ff+af +a,f* +a,f +a,
\/(f4 +a, _Cl6f2)2 +(a7f—a5f3)2
im| 17 )| = tim S S ra) ey
\/(f4+a4_a6f2) +(a7f_a5f3)
|1 ) = tim - @S S S
Juﬂ+%—%fﬁ-%%f—%fﬂ
min([# (1)) as 1 =411 o],

Applying Cauchy-Schwarz inequality theorem:

H(f)]=

V>0

(f4 +a, _a6f2)2 +(a7f_a5f3)2 22 (f4 +a, _a6f2) (a7f_a5f3)
4 2 3 fminl = . maXl(‘H(f)‘)
fira,—af7 ) =\af—a f7 )=
( ¢ ) ( ) Jain2 = maXZ(‘H(f)‘)



2. Analysis of 4-Stage Passive RC Network
Analysis of Transfer Function (Negative Frequency)

‘H(f)‘z f4—a1f3+a22fz—a3f+a4 Z;Vf<0
\/(f4+a4_a6f2) +(a7f_a5f3)
fP-af +af —af +a,
\/(f4+a4_a6f2)2+(a7f_a5f3)2
ff-af +af —af +a,
\/(f4+a4_a6f2)2+(a7f_a5f3)2

lim‘H( f)\ — lim

f—0 f—0

lim \H( f)\ = lim

f—o—o0 [0

min(\H(f)\dB)=—oo;an=—f1 vi=-hLVvi==fiv]=-/,

maxl(‘H(f)‘)an:\/E;max2(‘H(f)‘)an=m;max.?)(‘H(f)‘)asf:\/E



2. Analysis of 4-Stage Passive RC Network
Frequency Responses of 4-Stage Passive RC Network

Transfer function |# (/)= [Praf vaf +af+a, R

\/(f4 +a, _a6f2)2 +(a7f_a5f3)2

Frequency Responses

.
fmaxl fmaXZ

....... —
\4/ f102 0314 f

i Image Rejection Ratio
........ Vo




3. Proposed Model of 4-Stage Passive RC Network
Model of 4-Stage Passive RC Network
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3. Proposed Model of 4-Stage Passive RC Network
Simplified Model of 4-Stage Passive RC Network

a, = f,+fi+ fo+ f, =1.42%10’

a,=fi( i+ fut )+ Lt )+ fufy =5.95%107
a,=fi| (ot K+ oh [+ fifofy =8.3%107

a, = fififof, =3.36 %107
ds = a, +2[(f43 +f42+f41)+(f32 "‘]{3,1)"‘](21}:3.24*107

fi(fo+ )+ o)+ A ((fo + i)+ fa)
£ (fs + fu)*+ L)+ S (fas + Sia) + )

a; = ay +2( [ (fifor + oS+ FiS) 4+ (oS + S )+ fofifis ) = 1.87%10%

a6=a2+4f43f21+2{ -1.66%10"

Transfer function
[t 1425107 £7 +5.95%10° £ +8.3%10° £ +3.36%10%

(), =

dB

\/(f4 +336%10% ~1.66%10" 2) +(1.8710™ £ ~3.24 %107 £°)



3. Proposed Model of 4-Stage Passive RC Network
Experimental Results of 4-Stage Passive RC Network

Gain (dB)
10

-20-18-16-14-12-10 -8 6 4 -2 0 2 4 6 8 1012 14 16 18 20
MHz



3. Proposed Model of 4-Stage Passive RC Network
Algorithm of Flat Pass-band Gain

Gain"
\ (dB) : B S A
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Two RC
band-stop filter

\ 4

Improvement of

\Pass-band Gainj

band-stop

Gain ripple
reduction




3. Proposed Model of 4-Stage Passive RC Network
Proposed Design of Two RC Band-stop Filters

R =1kQ;C, = 227pF;R,, = 6k C,, = 5nF; R, =100Q;C,, = 12 pF;
R, =1kQ;C, =106 pF; R, =1kQ;C, =39.8pF; R, = 1kQ;C, =19.9 pF;
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3. Proposed Model of 4-Stage Passive RC Network
Experimental Results of Proposed Polyphase Filter

Un-falt Pass-band Flat Pass-band

Gain (dB)

-10

-20
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-40

-50
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flat Pass-band

------------------ r AT

-80 h i
90 “ “ Flat Pass-band Gain

-20-18-16-14-12-10-8 -6 -4 -2 0 2 4 © 8 1012 14 16 18 20
MHz

Improvement of pass-band gain ripple
> from 2dB into 0.47dB



4. Conclusions

This Work:

* Derivation of transfer function of poly-phase network
based on superposition principle

* Mathematical analysis and model of 4-stage passive
RC poly-phase filter

* Improvement of pass-band gain ripple from 2dB into
0.47dB with two RC band-stop filters

* Image rejection ratio: -36dB

Future of Work

* Analysis of IQ mismatches of poly-phase signals
* Analysis of Parasitic of RC components



Thanks for your kind attention!




