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Outline

Motivation for Complex Signal Processing Research

RC Po
RC Po
RC Po

yp
yp
yp

nase Fi

nase Fi

nase Fi

ter: Transfer Function
ter: Flat Passband Gain Algorithm
ter and Hilbert Filter

Active Complex Bandpass Filters

Conclusion
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Outline

@® Motivation for Complex Signal Processing Research
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Why My Research for Complex Signal Processing ?

About 15 years ago

at IEEE International Solid-State Circuits Conference
San Francisco, CA
The most prestigious conference in IC design

Katholieke Universiteit Leuven (KU Leuven), Belgium
World top research group in analog IC design

presentation ‘

Some simple circuit e,
with curious characteristics =

Frankéu #23
amMan S ogcn/ 30T

However,
| could not understand its principle

4/57



Basics of ComEIex Signal

2 real signals: |, Q
Vsignal= 1+ JQ  Complex Signal | = [Vsignal + Vimage]/2
Vimage=1—]JQ  Image <:> Q = [Vsignal— Vimage]/(2 j)

Basic complex signal processing blocks

AP, Y -A-X

—[: A Y+ )Y, = (A + JAg) (X + 1X)
A, j*j=-1 =(A;" X -Ay X))
XQL A, Y, +) (A Xg+ Aq X))

5/57



Outline

@ RC Polyphase Filter: Transfer Function
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Research Goal of First Research

« To establish systematic design and analysis
methods of RC polyphase filters.

« Asits first step,
to derive explicit transfer functions of

the 1st-, 2nd- and 3rd-order
RC polyphase filters.

7/57



Features of RC POIXEhase Filter

* |ts input and output are complex signal.
* Passive RC analog filter

* One of key components in wireless
transceiver analog front-end

- I, Q signal generation
- Image rejection
* |ts explicit transfer function
has not been derived yet.

8/57



First-order RC Polyphase Filter

||n+*\/ lout+
wl
Qout+

Q|n+4\/

7 IOUt-
Qin. Cl AW Qout-

R1
I: In-Phase, Q: Quadrature-Phase

Differential Complex Input: Vin =lin + JQIﬂ

Differential Complex Output: Vout = lout + J QOUt

9/57



, Q Signal Generation

Single cosine Cosine, Sine signals

1IN = cos (wLot)

N\ R — |out = A cos (Lo t+0)
IR, " Polyphase
oin=0 J o FIlter | out— A sin (erote)
A4
lout Qout
1 1
4D, — ‘ 0.5
LO =
R:I.Cl §-0.5

02 022 024 026 028 03 032 034 036 038 04
time [us]
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Cosine, Sine Signals in Receiver

cos(mo t)
Analog
IF Bandpass AD |
—| Filter ) Converter —
- sin(o 1)
ap | Q
— Converter [
< —
analog digital

They are used for down conversion
11/57



Problem when ww#1/R1C1

lout Smw
o NN

.2
15
_ 1 o | |
Lo = )
R1C1 igg’—O.SO
2
2% 02 ‘ ‘

T g™
A

0.2 . 24 026 028 03 032 O 3 . . 0.4

.3
efu
0
time [

S
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2nd_grder RC Polyphase Filter

Iinwvvm\ WW lout+
C2 C2
The problem of large . . %", Y
C
lin

difference between

lout, Qout amplitudes
can be alleviated Qin-

13/57



3rd_order RC Polyphase Filter

The amplitude

difference problem
. . Qin—
is further alleviated. T et Qout

14/57



Pure |, Q Signal Generation

3rd-order harmonics rejection

[in= Tout =
3 I
cos(mLot)+B cos (mLot) Polyphase A cos(mLot+0)

| Filter | »
- IS i

sin (@Lot)+B sin (3(01_0‘[) A sin(oLot+0)

With Without

3rd-order harmonics. 3"d-order harmonics.

15/57



Simulation of 3@-order Harmonics Rejection

| (t) =cos(w,  t) +acos’(w,t)
Q, (t) =sin(e,,t) +asin (@)

—

1

3w o=
LO R1C1

| . (t) = Acos(w, t+6)
Q.. (1) = Asin(aw t+0)

=

(]
D
o]
=
[=]
>-

voltage [V]
o

16/57



Image Re'!ection Filter

lin =

(A+B) cos(wt) lout =

Acos(mt)
< : Polyphase
Qin =

(A=B) sin(ot) — 3

Fi Iter ——p  Qout =
Asin(ot)

Ae!”* + Be I Agle

signal image

17/57



Approach (1)

Complex Signal Processing Im 4,

There is NO physical complex signal. ( Re

=
It is only defined mathematically. k

Complex Input: ~ Vin =lin + ] Qin Gauss plane

~J

Complex Output:  Vout = lout + | Qout

Complex Signal Processing is NOT Complex.

18/57



Complex Transfer Function

e Complex Signal Theory

 Complex input
 Complex output

e Complex
Transfer Function

vin(ja)): L, + J °Qin

out(Ja))_I j.Qout

V. (Jo)
G(Jw)— V. (jo)

19/57



Signals in RC Polyphase Filter

Differential signal

| in (t) = | in+ (t) — 1 in— (t)

Qin (t) = Qins (t) - Qin- (t)
Iout (t) = Iout+ (t) o Iout— (t)
Qout (t) = Qout+ (t) o Qout— (t)

Complex signal

Vin (t) = | in (t) + jQin (t)
Vout (t) — Iout (t) T onut (t)

- lout+
lin w R1 \/
. N
out+
Qin+ Q
R1
Cl
' lout-
n_
! R1
| c1
Qin- Qout-
R1

20/57



Transfer Function of RC Polyphase Filter

e Transfer Function

1+ wRC

G,(Jw)=

1+ J.wRC

«Gain

‘Gl(Ja))‘ =

‘1+ a)RC‘

J1+ (@RC)?

|Giijon)|

ool radfs)
—J.:-r:J.u:uE' —5};103 1 5}::1.03 .1.:-::JI.|:|EI
" RC!
Asymmetric

21/57



Explanation of |, Q Signal Generation by G1i(jw)

Qin(t) = 0, Iin(t) — COS(a)t)
Vin8) = n(0) + ] Qun() = cos(et) = [ + /o]

¥

Vour (1) = 5 [1G1 i) |/ (@ + <G U ke |G, () o] ot Ie]

= \/Z—Ecos( t ——) +ism(wt ——)

\
|Gl(—jw)|ei(—wt+401(—iw))] =0
Here
T
“=RC W=R¢ 4

22/57



Outline

@ RC Polyphase Filter: Flat Passband Gain Algorithm
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Transfer Function of 2"9-order RC Polyphase Filter

Transfer Function

(1+ wRCy)(1+ wR,C5)
— (I)ZR1C1R2C2 +]O)(C1R1 + C2R2 + 2R1C2)

G,(jw) = 1

Derivation is very complicated, so we used "Mathematica.”

14

1.i [’\
!

B caasssssstetttl

0.8

Gain |G2(jw)| =) ° o f
characteristics \/,m\//

0

-10 -5 0 5 10
-2 Stop band -W: W: Pass band w2

24/57



Gain of 3"-order RC Polyphase Filter

‘Ns(Ja))‘
\/D?,R(J-C‘))2 + D, (jo)

Phase:  tan(£/G,(jw))=- 33' ((Jjw))
3R\ ]

N.(jo)=(1+aoRC)(1+oR,C,)(1+ aoR,(,)

Gain: G,(jo)|=

| Gal j oo )]
1.5
1.25
1t
Gain characteristics ‘
E"H-,_ oo radS=s)
L — L L N
-1.5x107 -1x10®  -sm1of 5108 1100

B 1 3 1 1
Rscs chz Rlcl 2 5/5 7




Need for Flat Passband Gain Algorithm

Transfer Function

(1+ wR{Cy)(1+ wR,C5)
1-— (1)2R1C1R262 +](1)(C1R1 + Csz + 2R1€2)

We need flat passband gain H

G,(jw) =

l.i f’\w TT——
Y [
Gain |G2(jw)| Lo f
characteristics ., ]
0 \/ \‘/ -

0 5 10

-10 -5
-W2 Stop band -W1 Wi Pass band w2

26/57



Four Design Parameters

[Che 1
_0.4 l{
O.z \/’ \\/ —
0 -2 St(;; band -0)10 w1 Passsband w2 w0
()
4 parameters: R{, R,, Cy, (5
1 I S
“UTRG P TRG T TR G T RiG

I4 constraints

27/57



Two Constraints from Filter Spec.

1.2 /"\\“
l

0.6 [
4
/

0.2 ’M

o I~ v

-10 -5
-W2 Stop band -W: ®: Pass band @2

—1 -1
@® 2zeros: — W= — Wy =
1 RiCy '’ 2 R, C,

are given from the filter specification.

28/57



Proposed Algorithm Uses Third Constraint

1.4

: f
0.8
O 0.6 |
Y /
02 | ]
~—T ¥ _
10 5 "o 5 10
-2 Stop band -W: i1 Pass band 2
W
1

@® \We use the third constraint X =
R,Cy

for passpand gain flattening.

@ The fourth constraint is left for ease of IC realization.

29/57



Nyquist Chart of G2(jw)

Gain characteristics |G2(jw) |

Nyquist chart of G2(jw)=X(w)+j Y(w)

1.4 ) @0y 0.4
1.2 | i 0.2 N PN
1 1 1 ! \
— I I I O AW | 1~ - AW |
08 u2)| [G2(jw1)|
I I | - .02 - ~
06 | / | | é \
0.4 . . : > 04 N
] ' | GaVwiwz)|
0.2 n i i -0.6 /
o \/ I \/ 1 J o8 L ’ y
-10 -5 0 5 10 Wy I A w1
-W2 Stop band -W1 |W1  Pass band w2 -1 : :
-15 -1 0.5 VW10 0.5 1 1.5
X(w)

| G2(jwi) | =] G2(jw2) |

But in general

| Ga(jwi) | =] Ga(jwz) | = NGa(iVwicws)|

30/57



Our ldea for Flat Passband Gain Algorithm

Gain characteristics |G2(jw) | Nyquist chart of G2(jw)=X(w)+j Y(w)
1.6 @@z | | @y | 04
1.4 ' ] ' 0.2 O RN
1o : fr ! ! 0 ,
B j o ' 0.2 - 1Ga(jw2)] |G2(jwa)]
(D 08 | : / : : : -0.4 /// \\\
— 0.6 | } | '06
04 | : L ! 3 -0.8 / AN
0.2 : , ! | s \\ |G2(jVwiw?2)| /
.0 I V ! I ! -1.2 \ / ]
10 s 0 5 10 1.4 2 | N Ao |
. \_._ T
"2 Stop band -1 | wy Pass band @z | () 16 | NI passband

-1.5 -1 -0.5 0 0.5 1 1.5
X(w)

If we make|Gz2(jw1)| =|G2(jw2)| =|G2(jVwiw2)]|,
Passband gain becomes flat from w1 to wa.

31/57



Outline

@ RC Polyphase Filter and Hilbert Filter
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Research Objective

/ RC Polyphase Filter \ Hilbert Filter

Analog Digital
Complex (I, Q) input Real part (Vin) input
lin+ N AN \{ _——— \/ AV \<. out+ Re D|$.t+
o1 R1 C1 cn Rn Cn 2
RS IR G ERl S Pl B Pl R P
lin- /K --- & out —a1§7 a% ap ? ay Qout+
C1 }\N\, _ Cn ’\M D D N - b—.

Qin- - Qout-
R1

Analyze RC polyphase filter

We found that relevance between

RC polyphase filter and Hilbert filter 33/57



Hilbert Filter

B Characteristics
*Hilbert transform
1 input and 2 outputs
It is often implemented in digital filter

Ré Tout+
Vin i ':I
z ! z! z 1 z71 : :
—a1<7 —Qg Qo A ‘

| I\ Qout+

U U O 27—  Phase
Im,
Im Im
x(0) +jy (1) ‘

"\ \ :.' Re i ',\ :’. Y >
Sl 0 -y @ o v
-f-- x() —Jy -]

Gain

34/57



Cosine, Sine Generation with Hilbert Filter

w component w component
_ cos(wt)+jsin(wt) cos(wt)+jsin(wt)
m Im
X(©) +jy (© K ‘ “
. .

= X =

-
-, s ~.
s ” ~
s P N
/) N o N
! M ‘ \
1 N ’ \
\ i
\
i \ ! 1
1 | - ! I
T > >
\ 4 ! !
/ R | /
\\ 1 e ' ! Re
i \ ’
A} r \ 7
\‘ ’ A ’
’ —— & A
~ ~ ,’
~ w N -
Y .. -

X0 -jy © w W

cos(wt)-jsin(wt)
-w component Hilbert filter

cos(wt)

sin(wt)
2 cos(wt)
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Hilbert Transform

Complex signal from real signal x (t)
x(t) - x(t) +jy (¢)

Hilbert transform

1 ¢ x(7) 1
y(t) = - j dt = x(t) x —
T t—1 tt
- David Hilbert
1862-1943
Impulse response Fourier Transform
1 —j >0 m
MO = o LCORL P 3
mt Fourier J
0 w
Frequency characteristic H (w) o ‘
2
_ (- X(w) (w=0)
Viw) = H(w)X(w) = {]X(w) (w <0) Phase

36/57



R %K D48 % - E TDREIR

exp(jwot) + exp(-jwot) = 2 cos(wot)

power

4 Im
1 L Jo) B 44
(wot
exp(jwot)
1 1 Re
exp(-jwot) (Wi
1 wol B )
=NENES

Lot

[ <R didr
PE L
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[I5tH | LT DTH ]

&H Dt
$ Im
1
wot
exp(jwot)
1 Re
I it
exp(-jwot)
B -waot

+)

=RT & Mt
§ !

exp(jwot) = cos (wot) + j sin{wot)

exp(-jwot) = cos (waot) - j sin{wot)

exp (jwot) + exp(-jwot) = 2 cos (wot)
1 ]

IHAH
=ES

[EEE| TRZ5miz [Bit] ok
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EILRNILE D4 ILA T

& ||T|

1

"-f} ot |
exp(jwot)
-1 1 Hg

\ e

exp(-jwot)

w ot

’ «

ALY

1

BERR D DAy

& ot

0

exp(jwot) = cos (wot) + j sin{wot)

power

B~ R
7 4R
o IR L

I
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EILRILNIAIILZTRARBIBE#MMNRZ 5

[ BDOFREIEEDH DD, HHBEORETHA] ICHT HEE

cos(wt) ) N

#wf  Re

L~ b
740 Im

‘ A cos(wt+ 6 )

exp(-jwot) =
cos (wot) - j sin(waot)

) - A sinlwt+ 8 )

S,

/X/ - B
| "
i I

P
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15t order RC Polyphase Filter: Analysis

_ 1+ wR{C;
H(jw) = , : Transfer function
1+ jwR.C
Stop band - Pass band

1.8° D | AR

Gain

41/57



15t order RC Polyphase Filter : Gain and Phase

Hl(iw) = lee(ja)) + jHiim(jw)

H (jw) + H{ (—jw) 1
H ] p— pr—
1re () 2 1+ jwR,C,
Hi(jw) — H{ (—jw) _ wR,{C;

Hyj,(jw) = .
1im(J 2 )1+ jwR.C,
£H; (jw)
||H1re| |H11m||« » |Hirel + [Hyiml =tHyjm(jw) — £H1e(Jw)
___________________________________ P E——— Hire
1.8 7= TTTTETTTTTYTTTTTRYTTTT L R A B A
—A—He | | N NN s lidiiiriit i = Hyjm
R E A T 2T T T
1.41 el I A G S A L R N Hy
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15t order case Analysis Results

a4 )
Gain : Hilbert filter only at zero
Phase : Completely Hilbert filter
\ _/
187 O s S B
16 Sl AT
14- SO0 PO O 0 T O O O Hy
_ 12} R N e
RC Polyphase Filter 6 ‘T g ol L Epha.se. l?.
0.8 | = , | —phase lead BEBUN
06 1 ; | AR b~y
0.4 ? i
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-10 -8 6 -4 -2 0 - 6 -4 2 0 2 4 6 8
w
T A
2
1
Hilbert filter 0 "W
T
0 2
Gain Phase
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Results: 2" to 41" RC Polyphase Filter

[ pem—— P
.6 ) ,Er,, H2re| + |H2im|
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Analysis Results and Consideration

15t to 4t order RC Polyphase Filter Analysis results

-

Gain : Hilbert filter only at zero

g Phase : Completely Hilbert filter

Prove for general n-th order case
(n=1,2,3,4,5,..)

?/%01 T }//%Cn Mf

Qin+
R1 R
lin- - lout-
& %
C1 C
Qin- WI —_—— ! m Qout-

R1

lin+
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Order and Galin

' — ~ — 16 r —IH
6 \_lHl 16 | |H| 1.6 SN— |H| 4 \ L | |
1.4 _ 1.4 14 . N——
1.2 1.2 12 12
) \M 1 1 1
0.8 \\ 0.8 0.8 0.8
0.6 0.6 ™ 0.6 0.6
0.4 \ 0.4 N 0.4 0.4
0.2 0.2 N\ A 0.2 0.2
- O‘Q—t\ N\
0 \& 0 Y A~ ) O )
-20 -10 0 10 20 -20 -10 0 10 20 -20 -10 n 10 20 —20 -10 0 10 20
15t 2nd 3rd 4th
>

The higher orders,
Increase number of zeros
|Hre| and |Him| becomes close in wide range

$

Close to ideal Hilbert transform
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Order and Phase

T T T T
— ZH — ZH — ZH — ZH
/2 /2 n/2 /2
0 0 0 0
/2 /2 n/2 /2
o -10 0 10 20 D20 -10 0 10 20 T -10 0 10 20 o 210 0 10 20
15t 2nd 3rd 4th

Phase characteristic Is not
changed

There is aIwayJ90° phase

Fulfill Hilbert transform in full range
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1.6

Conclusion

14

1.2

0.8

0.6

0.4

0.2

-20

RC Polyphase Filter Hilbert Filter

« [—m] =z z

r\\ /2
] —

0

0
/2

_I

i 10 0 10 20 20 10 0 10 20 0 2

Gain Phase Gain Phase

r

\

RC polyphase filter is approximation of
ideal Hilbert filter for complex input signal
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Outline

@ Active Complex Bandpass Filters
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Gm : Transconductance

Input voltage: V.
=g V.

out m " In

viout dimension of gm &> %

Output current : [, I
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ComEIex BandEass Gm-C Filter

Iin@)
o & U Viout + 1V Qout
Il %Zl 1 lin+ jQin
— /T\8m \F B go+SC— jQr
Qin() %go  go?+gn’ +52C2+2g0s C
VQout
C
V
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Gain of Complex Bandpass Gm-C Filter

Gain
A
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Complex Bandpass Active RC Filter

g
i
C|
|
i g,
Ip /W - OI -+
[
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i
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¢
()kl & A
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i out-
- -0,
H(jo) = .
g, +J(-9;+aC)
Center freq. a, =23 0= Gain |H(jo) X
e 29, g,

53/57



Our Investigation Results

@ Transfer functions of
complex bandpass Gm-C and active RC filters
are the same.

@ Both complex bandpass filters are NOT
close to Hilbert filter

Phase characteristics are far from Hilbert.

@ RC polyphase filter is close to Hilbert filter.
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Outline

@ Conclusion
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Conclusion

RC polyphase filter is simple, but very interesting

l

Even somewhat mysterious !

4

To understand its principle, we use
its complex transfer function and
Hilbert transfer form.

l

These are useful for filter design as well as analysis
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Final Statement

Our World is in Complex Domain.

Real Imaginary

Complex Signal Processing is NOT Complex.

Quadrature Signals: Complex, But Not Complicated.
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Motivation

Low power ADC In low-IF receiver
targeted for bluetooth, wireless LAN.

Complex bandpass delta-sigma
AD modulator
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Recelver Architecture Comparison

Direct conversionAreceiver

- ZeroF  flo

Signal
offset
1/f noise

-
DC Frequency

Low-IF receiver Conventional

- A
Image| = Low-1F ; fLO
offset ;
1/f noise ;
Signal :
: >
DC Frequency
Quadrature-IF
Low-F Ao
- ;
offset '
1/f noise :
Signal :
: >
DC Frequency

RF — Baseband
Zero-lF
= NO mage
Problem of DC offset, flicker noise

RF — Low-IF

No problem of DC offset, flicker noise.
Image as well as signal are
AD converted = Power is wasted

Image is not AD converted.
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Complex Bandpass Delta-Sigma Modulator

DAC, |«
l ‘"
lin -

lout
>® = — ADC, >
Analog H(z) Digital
Input Output
- + > — ADCq >
an - Complex QOUt
Banpass Filter TE
q
DAC |-
0 | Oytputhowezlr Spelctruml
=201
1 _ -40
Iout + JQout o

H 1

— (. +])Q. ) +——(E. + JE
T Uin H1Qun) o (B JE )

-140 1

-160 i ‘ ‘ i i i i ‘ i
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Complex bandpass noise-shaping Frequency FinFs)
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Proposed Architecture

1. _IADC

DAC | Logic

 New complex bandpass filter
* Multi-bit ADCs/DACs
« Complex DWA algorithm
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lin b

xXCcs

ey

SELT

Proposed Structure

DACA1

xXCc=
/a\

V4

DWA1
N1— N lout
7 Z'—> apci+— |
M <:|_
U
X “@_ M
U
M -<]— X
U
- -1
y4h zZ I--wﬂu:u::z—T— —>
T Qout

DWA2| SEL

A
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1,Q Dynamic Matching of Complex Filter

X<}
EL Z'1 >
M1 Qout

st | iy

Complex Filter

Conventional complex filter Proposed complex filter
| &Q crossing paths Upper, lower separated paths

® |,Q mismatch reduction.
® Layout simplification.
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Operation of Proposed Complex Filter

lin N1—5; lout lin N1— lout
- Z > —_—] | Z — >
r 4 >
M > > M
U U
M X M M X
U — U U — U
x | SEL M X x | SEL X
U U
> X o > X ‘@—
Qin Qin >
—— Z'1 > S Z'1 — >
T M1 T Qout T M1 T Qout
SEL SEL SEL SEL

lout(n) = lin(n-1) - Qout(n-1)
Qout(n) = Qin(n-1) + lout(n-1)
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Complex BPDSM with Low-power

- 2d order ---- low power

« O-level ADCs/DACs

« Stability improvement
* Low quantization error
* Power reduction of amplifiers

1,Q mismatch

* Solved by dynamic matching

Nonlinearities of mu
* Solved by com

tibit DAC

nlex DWA

2006/11/14 A-SSCC 2006
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Complex DWA (1)

ie1

3 DACA1

Digital
Input

lez

> DAC2

Digital bandpass filter

H,(2)=2-]

Analog band elimination filter
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Complex DWA (2)

11—

Modulator
Output

Q1—|-—

Element
Selection
Logic

Element| DAC
Array | Output

DAC1

01 2 3 45 6 7

DAC2
01 2 3 45 6 7

4
5
3
2
5
3
7
6
2
3

T

WA AN =B (=N (W
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Chip Implementation

- SCFilter “|[,;

: s
SO, SR——
.. S—

3 ¥ N

« 1P6M 0.18um CMOS Process
« Coresize 1.4 *1.3mm?>.
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Measured Output Power Spectrum

Output Power Spectrum Output Power Spectrum
: : " " ob e ——— 1
O TR T TITT Input Signal | T
| ' 20| |
20 ot 46dB
r— o i i
01] - :
% 40 'E' 40 y :
m --- :
3 3 Image Signal
a (1] o 6OF .....................
80 80 . | M
: : . . 100 j ;
0.2 0.4 0.6 0.8 1 -0.02 -0.01 0 0.01 0.02
Frequency(Fin/Fs) Normalized Frequency(Fin/Fs)
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Power[dB]

Effect of Complex DWA

Output Power Spectrum

0.245 0.255 0.26
Frequency(Fin/Fs)
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Summary of Modulator Performance

Technology 0.18-um CMOS 1P6M
Supply voltage 2.8V
Sampling Frequency 20MHz
SNDR 64.5dB @ BW=78kHz
Power consumption 28.4mw
Active area 1.4Amm*1.3mm
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Conclusion

A 2"d-order multi-bit complex bandpass
delta-sigma modulator

1L

Low power

Complex filter with dynamic matching
— |,Q mismatch reduction
— Layout simplification
Complex DWA
— Suppression of multibit DACs nonlinearities

Chip measurements demonstrated these
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