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1. Research Background
Typical Applications of RC Poly-phase Network

[)

/ Blue-

Wi-Fi tobth

RC Poly-phase Filter

Applications: Wi-Fi, WiMax, UWB, GSM, WCDMA, LTE , 4G, Cordless
Phones, RFID, ZigBee, Bluetooth, TV Set Top Box, Sensing, Radar...



1. Research Background
Research Objective & Design Achievements

‘ Objective \

De5|gn of Image Rejectlon Filter for Blue-tooth Receiver: |
o Low image noise
_0 Simple Model of RC Network )
p Approach ! -
o Derivation of Transfer Function of 4-Stage Passive RC
Network Based on Superposition Principle )
\_
| Achievements |
- )

o Mathematical Analysis of 4-Stage Passive RC Network

o Image Rejection Ratio: -33dB
- —




1. Research Background
RFIC Design & Trade-offs
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1. Research Background
Modern Receiver Architectures
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1. Research Background
Frequency Plane of Low-IF Signals
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1. Research Background
Wireless Communication Specifications

Low Energy |Low Power (Wifi) ZigBee
Bluetooth (IEEE 802.11) | (IEEE 802.15.4)
Frequency Range 2.402-2.482 GHz| 2.40-2.50 GHz |2.402-2.482GHz
Discrete Channels 3 3 16
Max Channel Bandwidth 1~8 MHz 22 MHz SMHz
Modulation GFSK QAMO©64 QPSK
Nominal Data-Rate 1 Mbps 1 Mbps 250 Kbps
Estimated Max Potential
Data-Rate 1 Mbps 54 Mbps 500 Kbps
Nominal Range (0 dBm) 10 m 25 m 75m
Average Power for ten S0uW 570 uW 14uW

256-byte massages per day




1. Research Background
Signal Bandwidth & Channel Bandwidth

802.11b/g Wifi

2412 | 2437 | 2462

22 MHz—3, Bluetooth

12402 : 2480
: : ZigBee
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1. Research Background
Low-IF Receiver System Architecture

This Work
4th order |Limiting
Antenna MIXER Poly:pmlS&F_ﬂtQIr amplifier
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Merits Demerits @
o Low-cost o Image Noises
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o High-integration o Noise Figure




1. Research Background
Design Targets of Low-IF Receiver System

Parameter LNA Mixer PPF RSSI
Input RF frequency | 2.4GHz | 2.4GHz | 5MHz | 5MHz
LO frequency 2.405GHz
Input RF Power -85 dBm | -68dBm | -60dBm |-60dBm
LO Power 0 dBm
NF 2dB 10 dB 10dB 10dB
Gain 17 dB 8dB 0dB 60dB
P1dB (input) >-30dBm | > -10dBm
Input referent IP3 >-20dBm | >0 dBm
Current Consumption | <5mA | <IO0mA | <5mA | <SmA
Supply Voltage 1.8V 1.8V 1.8V 1.8V
Image Rejection Ratio <30 dB

IMRR




1. Research Background
Superposition Principle

d,

4 " ] K )
By =Y
i=1 Y i=1 i

\_




1. Research Background
Examplel of Superposition Principle
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1. Research Background
Superposition Principle with Sub Branches
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1. Research Background
Example2 of Superposition Principle
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1. Research Background
Energy Propagation

* Energy Propagation Function:

E(d,t)=E,e ™ cos(wt — Bd + ¢)

Wavelength 4 = 2—7T [m]

p

* Lumped circuits: resistors, capacitors, inductors
_ neglect time delays (phase)

= Distributed circuit elements: transmission lines

{_ account for time delays (phase change)



Hilbert Transforms Tablel:

1. Research Background
Some Properties of Hilbert Transforms

Name Function | Positive-Hilbert Negative-Hilbert
Transform (@ >0) | Transform (@ <0)
Constant C 0 0
Sine sin (ot ) —cos (ot) cos (r)
Cosine cos (o) sin (o ) —sin (o)
. Ejmr B .Q‘m! .ej,
Exponential | / /
e—fﬂ’f je—jmr _je—jmr

o Negative Hilbert transform: -nt/2 phase shift (-j)
o Positive Hilbert transform: +7rt/2 phase shift (+)




1. Research Background
Complex Signals

* Complex signal: a set of two (or four) sources with the
same frequency and 90-degree separated phase

Positive Complex Signal Negative Complex Signal
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1. Research Background
Poly-phase Signals

* Poly-phase signal = Complex signal (four sources)
* Poly-phase filter = Complex filter

Positive Poly-phase Signals Negative Poly-phase Signals
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1. Research Background
Phase Plane of Poly-phase Signals

Negative Poly-phase Signals Positive Poly-phase Signals
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1. Research Background
Phase Plane of Received Signals

Negative Poly-phase Signals Positive Poly-phase Signals
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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
Derivation of Output Voltages on 15 Loop

" V.oV
_ "inl in4

VAI Ytotal_A o T 7
C1

V. V.
_ in2 inl

VA2 Kotal_A o + 7
> :

V. V.
__ " in3 in2

VA3 Ytotal_A _ + 7
C1

V. V.
_ 4 3

VA4 Ytotal_A ="+
ZCI

\

[2RZp+(R+Ze, )(Ry +Zey) || 2R Zey +(Ry+ Zey ) (Ry + Zey ) |4 2( Ry + Zoy + Ry + Zoy ) (R + Zey )Ry Z iy + R Zy (R, + Ze) |

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 15 Loop

Voltages on 15 loop
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2. Analysis of 4-Stage Passive RC Network
Derivation of Output Voltages on 2"9 Loop
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2. Analysis of 4-Stage Passive RC Network

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

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

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

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

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

Voltages on 4" loop
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2. Analysis of 4-Stage Passive RC Network
Model of Input Wanted Signals
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2. Analysis of 4-Stage Passive RC Network
Derivation of Output Voltages (Wanted Signal)

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

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

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

Hp, (]27Tf)

Image Signals

Z . 3 2 .
S +]a1 —a,s” — ja,

S+da
LV >0
S +CZS +a6S +a S+Cl4

Z . 3 2 .
. s’ —jas’ —a,s” + ja;s+a,
HNeg(]Zﬂ-f) 4 \v/f<0

S +CZS +Cl6S +da S+CZ4

Composed transfer function
‘f“ +a, f +a,f’ -|—a3f—|—a4‘
\/(f4 +a, _a6f2)2 +(a7f_a5f3)2

Vﬂfﬂ: -V f eR



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
Freqguency Responses

Transfer function |#(f) = e vaft raf +a,

‘_ > —;VfeR
i vaary «(os-ar)

Frequency Responses HH( ‘an)‘
J dB

Snax A
A A

N~—— e
JT@ Jrirn  t
JAfi S mk



2. Analysis of 4-Stage Passive RC Network
Image Rejection Ratio

Pass Band
Image Rejection Ratio = --—----mmmm---

Notch Band

‘H(Aj27rf)‘d3
Notch Band Pass Band

of T

&-—==- Rejection

Ratio
ﬂ —00
4 ~

g2 Hra (G22F) _ (S + 1) o+ F) s+ F)(fa+ )

Hy, (J27f) (fi=F) o= F)s=F)(fa=S)

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



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

R v, & %

Va
G
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~

< 0 c R, = 1kQ;C, = 227 pF;

l;% %%%QM R, =1kQ:C, = 106 pF;

Vi > G [ oK ok e Ry =16 Cy = 39.8pF s
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Vi /& ;& g//\Q_ /Q_OVM4
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3. Proposed Model of 4-Stage Passive RC Network
Simplified Model of 4-Stage Passive RC Network

a =f,+fi+f+f=162%10

ay=fy(fi o fot ) Sy ) Sofy =7.19%10"
ay = fi| L fot )+ fufi |+ fifufy =1.03%10%

a, = fififof, =42%10%
ds = a, +2[(f43 +f42+f41)+(f32 "‘]{3,1)"‘](21}:3.44*107

fi(fo+ )+ o)+ L ((fo + i)+ fa)
(s + fa)+ fu)+ £ ((fas + fin) + fr)

a; = ay +2( [ (fifor + LS+ Fif) ¥ (oS + ifn) + i fia ) = 2.26 %107

a6=a2+4f43f21+2{ —-1.9%10"

Transfer function
‘f4 +162*107f3 +719*1013f2 +103*1020f+42*1025‘

(), =

dB

\/(f4 +4.2%10% ~1.9%10" £7) +(2.26%10™ £ ~3.44%10" £°)



3. Proposed Model of 4-Stage Passive RC Network
Analysis of System Model (Positive Frequency)

FH41.62%107 £2 +7.19%10° £2 +1.03%10% £ +4.2%10%

‘H‘: 2 > />0
-0 7550
‘H‘ - » 2010g‘H‘
[ oo



3. Proposed Model of 4-Stage Passive RC Network
Analysis of System Model (Negative Frequency)

4 7 £3 13 02 20 ’s
g S LO2HI0 AT 1941077 (1032107 +424107

‘J(f4+¢L2*10”-—L9*10”f0)2+(226*10”jﬂ—344*107f3f

J—0 f—0
S == f=-7
f=-102 f=-10.2
f=-15 f=-15
‘H‘ f=-245 » 20log‘H‘ f=-24.5
S =40 £ =40
S =632 f=-632
/ =~100 1 =-100



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

Frequency Responses
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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

* Image rejection ratio: -33dB

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



Thanks for your kind attention!




Questions & Answers

1) Will the variations of R and C components change
the characteristics of this filter?

- Yes, they will.

(The variations of R and C components will cause
the IQ mismatches. Therefore, the image rejection
ratio will be changed.)

2) Are the simulation results of RC poly-phase filter in
this research best?

> No, they aren’t.

(There are some design trade-offs in this research.
So, these simulation results are acceptable for the
design targets.)



