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EE247 
Lecture 6

• Summary last lecture
• Continuous-time filters (continued)

–Opamp MOSFET-RC filters
–Gm-C filters

• Frequency tuning for continuous-time filters
–Trimming via fuses or laser 
–Automatic on-chip filter tuning

• Continuous tuning
– Master-slave tuning

• Periodic off-line tuning
– Systems where filter is followed by ADC & DSP, existing 

hardware can be used to periodically update filter freq. response
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Summary 
Lecture 5

• Continuous-time filters
–Effect of integrator non-idealities on integrated continuous-time 

filter behavior
• Effect of integrator finite DC gain & non-dominant poles on filter 

frequency response
• Integrator non-linearities affecting filter maximum signal handling 

capability (harmonic distortion and intermodulation distortion)
• Effect of integrator component variations and mismatch on filter

response & need for frequency tuning 
• Frequency tuning for continuous-time filters

–Frequency adjustment by making provisions to have variable 
R or C

• Various integrator topologies used in filters
–Opamp MOSFET-C filters
–Opamp MOSFET-RC filters
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Integrator Implementation
Opamp-RC & Opamp-MOSFET-C & Opamp-MOSFET-RC

oV
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inV
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V s CR

ω ω−
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Vtune
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Vtune
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Integrator Implementation
Transconductance-C & Opamp-Transconductance-C

inV
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Gm-C Filters
Simplest Form of CMOS Gm-C Integrator

o m in int g

o m
in int g

o o
in

m
o

int g

V g V C s

V g
V C s

V
V s

g
C s

ω

ω

= − × ×

= −

−=

→ =
ing Vm

• Use ac half circuit & small signal model 
to derive transfer function:

• Issue: Design is parasitic sensitive

inV

intgC

oV

Small signal model

inV

oV
Gm

GmC Intg.

+

−

intgC

ing Vm
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Gm-C Filters
Simplest Form of CMOS Gm-C Integrator

• Transconductance element 
formed by the source-coupled pair 
M1 & M2

• All MOSFETs operating in 
saturation region

• Current in M1& M2 can be varied 
by changing Vcontrol

• Find transfer function by drawing 
ac half circuit

Ref:    H. Khorramabadi and  P.R. Gray, “High Frequency CMOS continuous-time filters,” IEEE Journal 
of Solid-State Circuits, Vol.-SC-19, No. 6, pp.939-948, Dec. 1984. 
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M10
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Simplest Form of CMOS Gm-C Integrator
AC Half Circuit

int gC

controlV

oV

inV

-
+

+

-

M1 M2

M10 controlV

oV

inV

-

+

+

-

int g2C

M1 M2

M10

inV intg2C
M1

oV

AC half circuit

int g2C

controlV

int gC
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Gm-C Filters
Simplest Form of CMOS Gm-C Integrator

• Use ac half circuit & small signal model 
to derive transfer function:

M 1,2
o m in int g

M 1,2
o m
in int g

o o
in

M 1,2
m

o
int g

V g V 2C s

V g
V 2C s

V
V s

g
2 C

ω

ω

= − × ×

= −

−=

→ =
×

inV

intg2C

oVing Vm

CGS

inV intg2C
M1

oV

AC half circuit

Small signal model
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Gm-C Filters
Simplest Form of CMOS Gm-C Integrator

• MOSFET in saturation region:

• Gm is given by:

( )

( )

( )

2

M 1&M 2
m

1 / 2

C Wox V VI gs thd 2 L

I Wd V VCg gs thoxV Lgs
Id2

V Vgs th

1 WC2 Iox d2 L

μ

μ

μ

−=

∂ −= =
∂

=
−

⎛ ⎞= ⎜ ⎟
⎝ ⎠

Id varied via Vcontrol 
gm tunable via Vcontrol

controlV

oV

inV

-
+

+
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int gC
M1 M2

M10
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Gm-C Filters
2nd Order Gm-C Filter

• Use the Gm-cell to build a 2nd order 
bandpass filter

controlV

oV

inV

-
+

+

-

int gC
M1 M2

M10



EECS 247                                                        Lecture 6:  Filters © 2009 H.K.  Page 11

2nd Order Bandpass Filter
1 1
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2nd Order Integrator-Based Bandpass Filter

inV
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2nd Order Integrator-Based Bandpass Filter

inV

11
Q−

1
sτ1

sτ

BPV

-
First implement this part
With transfer function:

0
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Terminated Gm-C Integrator

oV

inV

+
-

+

-

M1 M2

M10
controlV

M3 M4

M11

int gC

inV intg2CM1
oV

AC half circuit

M3
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Terminated Gm-C Integrator

inV intg2CM1
oV

AC half circuit

M3

o
M 3in int g m

M 1 M 1
m m

V 1
V 2C gs

g g

−=
+

inV

intg2C

oVin
M 1g Vm

CGS

Small signal model

M 3gm

1

0
in

0

V 1
V s 1

Qω

−=
+

Compare to:
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Terminated Gm-C Integrator
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+
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∑
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Question: How to define Q accurately?
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Terminated Gm-C Integrator

int gC

controlV

oV

inV

+
-

+

-

M1 M2

M10

M3 M4

M11

1 / 2
M 1 M 1M 1
m d

M 1
1 / 2

M 3 M 3M 3
m d

M 3

1 / 2M 1M 1
m d M 1
M 3 M 3 M 3m d

W1 Cg 2 Iox2 L

W1 Cg 2 Iox2 L
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for M1, M3 then:
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μ

μ

⎛ ⎞
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Terminated Gm-C Integrator

int gC
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inV
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d d
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2nd Order Gm-C Filter

M1,2
m
M 3,4
m

gQ
g

=

• Simple design
• Tunable
• Q function of device ratios: Vo2

Vo1
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Continuous-Time Filter Frequency Tuning 
Techniques

• Component trimming

• Automatic on-chip filter tuning
–Continuous tuning

• Master-slave tuning

–Periodic off-line tuning 
• Systems where filter is followed by ADC & DSP, 

existing hardware can be used to periodically 
update filter freq. response
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Example: Tunable Opamp-RC Filter

oV

C
-

+

inV

D0

R1 R2 R3 R4

R1

D1D2

R2 R3 R4

Post manufacturing:
• Usually at wafer-sort tuning 

performed

• Measure -3dB frequency
• If frequency too high 

decrement D to D-1
• If frequency too low 

increment D to D+1
• If frequency within 10% of 

the desired corner freq. stop

Not practical to require end-user to tune the filter 
Need to fix the adjustment at the factory 
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Factory Trimming 
• Factory component trimming

–Build fuses on-chip
• Based on measurements @ wafer-

sort blow fuses selectively by 
applying high current to the fuse

– Expensive
– Fuse regrowth problems!
– Does not account for temp. 

variations & aging

–Laser trimming
• Trim components or cut fuses by 

laser
– Even more expensive
– Does not account for temp. 

variations & aging

Fuse not blown D1=1
Fuse blown        D1=0

Fuse

To switch

D1
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Example:Tunable/Trimmable Opamp-RC Filter

oV

C
-

+
inV

R1 R2 R3 R4

R1 R2 R3 R4

Fuse

D0

Fuse

D1

Fuse

D2

D2  D1   D0      Rnom
1       1     1         7.2K
1 1     0         8.28K
1       0     1         9.37K
………………………
………………………
………………………

0       0     0       14.8K
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Automatic Frequency Tuning

• By adding additional circuitry to the main filter 
circuit
– Have the filter critical frequency automatically 

tuned 
☺Expensive trimming avoided
☺Accounts for critical frequency variations due to 

temperature, supply voltage, and effect of aging
Additional hardware, increased Si area & power 
& reference signal feed-thru
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Master-Slave Automatic Frequency Tuning

• Following facts used in this scheme:
– Use a replica of the main filter or its main building block 

in the tuning circuitry
– The replica is called the master and the main filter is 

named the slave
– Place the replica in close proximity of the main filter to 

ensure good matching between master & slave
– Use the tuning signal generated to tune the replica, to 

also tune the main filter
– In the literature, this scheme is called master-slave

tuning!
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Master-Slave Frequency Tuning
1-Reference Filter (VCF)

• Use a biquad built with replica of main filter integrator for master 
filter (VCF)

• Utilize the fact that @ the frequency fo , the lowpass (or highpass) 
outputs signal should be 90 degree out of phase wrt to input

• Apply a sinusoid at the desired fo
desired

• Compare the phase of LP output versus input
• Based on the phase difference:

– Increase or decrease filter critical freq.

o

oLP
2in
2
o o

V 1 jQ 90V s s 1
Q ω ω

φ

ω ω =

= =− → = −
+ +

inV

11
Q

o
s

ω

BPV

--
LPV

HPV

∑

o
s

ω
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Master-Slave Frequency Tuning
1-Reference Filter (VCF)

Note that 
this term 
is=0 only 
when the 
incoming 
signal is at 
exactly the 
filter -3dB 
frequency

( )

( )
( ) ( )

( )

ref

LP
2

ref LP
2 2

ref LP

V Asin t
V Asin t

V V A sin t s in t

A AV V cos cos 2 t2 2

ω
ω φ

ω ω φ

φ ω φ

=
= +

× = +

× = − +

Filter Out
LPV

refV

11
Q

o
s

ω

--

o
s

ω

Phase 
Comparator

∑
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Master-Slave Frequency Tuning
1-Reference Filter (VCF)

rms rms
tune LPrefV K V V cosφ≈ − × × ×

Input Signal Frequency
of

of Q

LPV

refV

11
Q

o
s

ω

--

o
s

ω

Phase 
Comparator

Amp.+ 
Filter

TuneV

∑

V
tu

ne

0
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Master-Slave Frequency Tuning
1-Reference Filter (VCF)

• By closing the loop, feedback 
tends to drive the error voltage 
(VTune) to zero.

Locks fo to fo
desired , the 

critical frequency of the 
filter to the accurate 
reference frequency

• Typically the reference 
frequency is provided by a 
crystal oscillator with 
accuracies in the order of few 
ppm

LPV

( )desiredAref oV sin 2 f tπ=

11
Q

o
s

ω

--

o
s

ω

Phase 
Comparator

Amp.+ 
Filter

TuneV
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Master-Slave Frequency Tuning
1-Reference Filter (VCF)

tuneV

inV

1 +      -

-+ -+

+      - +      -

*R Rs−

*R RL2
1

sτ 3
1

sτ 4
1

sτ 5
1

sτ1
1

sτ

LPV

refV

11
Q

--

0
1

sτ

Phase 
Comparator

Amp.+ 
Filter

Main Filter (Slave)

Replica Filter
(Master)

oV

Ref:    H. Khorramabadi and  P.R. Gray, “High Frequency CMOS continuous-time filters,” IEEE Journal of 
Solid-State Circuits, Vol.-SC-19, No. 6, pp.939-948, Dec. 1984. 

0
1

sτ
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Master-Slave Frequency Tuning
1- Reference Filter (VCF)

• Issues to be aware of:
– Input reference tuning signal needs to be sinusoid 

Disadvantage since clocks are usually available as square 
waveform

– Reference signal feed-through to the output of the filter can 
limit filter dynamic range (reported levels of about 100μVrms)

– Ref. signal feed-through is a function of:
• Reference signal frequency with respect to filter passband
• Filter topology 
• Care in the layout
• Fully differential topologies beneficial 

EECS 247                                                        Lecture 6:  Filters © 2009 H.K.  Page 32

Master-Slave Frequency Tuning
2- Reference Voltage-Controlled-Oscillator (VCO)

• Instead of VCF a 
voltage-controlled-
oscillator (VCO) is 
used 

• VCO made of 
replica integrator 
used in main filter 

• Tuning circuit 
operates exactly as 
a conventional 
phase-locked loop 
(PLL)

• Tuning signal used 
to tune main filter

Ref:    K.S. Tan and P.R. Gray, “Fully integrated analog filters using bipolar FET technology,” IEEE, J. 
Solid-State Circuits, vol. SC-13, no.6, pp. 814-821, December 1978.. 
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Master-Slave Frequency Tuning
2- Reference Voltage-Controlled-Oscillator (VCO)

• Issues to be aware of:
– Design of stable & repeatable oscillator challenging
– VCO operation should be limited to the linear region of the 

integrator or else the operation loses accuracy (e.g. large 
signal transconductance versus small signal in a gm-C filter)

– Limiting the VCO signal range to the linear region not a trivial
design issue

– In the case of VCF based tuning ckt, there was only ref. signal 
feedthrough. In this case, there is also the feedthrough of the 
VCO signal!!

– Advantage over VCF based tuning Reference input signal 
square wave (not sin.)
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Master-Slave Frequency Tuning
Choice of Ref. Frequency wrt Feedthrough Immunity

Ref: V. Gopinathan, et. al, “Design Considerations for High-Frequency Continuous-Time Filters and 
Implementation of an Antialiasing Filter for Digital Video,” IEEE JSSC, Vol. SC-25, no. 6 pp. 1368-
1378, Dec. 1990.
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Master-Slave Frequency Tuning
3-Reference Integrator Locked to Reference Frequency

tuneV

Gm
C1

Vin

• Replica of main filter integrator e.g. Gm-C building block used 

• Utilizes the fact that a DC voltage source connected to the input of the 
Gm cell generates a constant current at the output proportional to the 
transconductance and the voltage reference

I = Gm.Vref

Replica of main filter Gm-C  

VC1
Vref

I=Gm*Vref
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Reference Integrator Locked to Reference Frequency

C1 refV Gm V T C1= × ×

tuneV

Gm

C1

Vin

•Consider the following sequence:
Integrating capacitor is fully 
discharged @ t =0 

At t=0 the capacitor is 
connected to the output of the 
Gm cell then:

VC1

VC1 T

Vref

I=Gm*Vref

t=0 time

C1 C1 ref

C1 ref

Q V C1 Gm V T

V Gm V T C1

= × = × ×

→ = × ×
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Reference Integrator Locked to Reference Frequency

clk
C1 NTGm f= =

C1 refV Gm V T C1≈ × ×

tuneV

Gm

CI

Vin
Since at the end of the period T:

If VC1 is forced to be equal to 
Vref then:

How do we manage to force 
VC1=Vref ?

Use feedback!!

VC1

VC1 T

Vref

I=Gm*Vref

t=0 time

C1 refV Gm V T C1≈ × ×
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Reference Integrator Locked to Reference Frequency

S2

S1

S3
Gm

C1 C2

Vref

A

• Three clock phase operation 
• To analyze study one phase 

at a time

Replica of main filter Gm 

Ref:   A. Durham, J. Hughes, and W. Redman- White, “Circuit Architectures for High Linearity Monolithic 
Continuous-Time Filtering,” IEEE Transactions on Circuits and Systems, pp. 651-657, Sept. 1992.
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Reference Integrator Locked to Reference Frequency 
P1 high S1 closed

S2

S1

S3
Gm

C1 C2

Vref

C1 discharged VC1=0
C2 retains its previous charge

A
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Reference Integrator Locked to Reference Frequency
P2 high S2 closed

S2 S3
Gm

C1 C2

Vref

A

I=Gm*Vref

P2

VC1

C1 refV Gm V T2 C1= × ×

T1 T2

C1 charged with constant current: I=Gm*Vref
C2 retains its previous charge



EECS 247                                                        Lecture 6:  Filters © 2009 H.K.  Page 41

Reference Integrator Locked to Reference Frequency 
P3 high S3 closed

S2 S3
Gm

C1 C2

Vref

AΔV

C1 charge shares with C2

Few cycles following startup 

( )T 2 T2 T3
C1 C2 C1,2
T3 T 2 T2
C1,2 C1 C2

T3 T 2 T 2
C1,2 C1 C2

V C1 V C2 C1 C2 V
C1 C2V V VC1 C2 C1 C2

V V V

+ = +

= ++ +

= =
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Reference Integrator Locked to Reference Frequency 
P3 high S3 closed

C1 charge shares with C2
Few cycles following startup 
Assuming A is large, feedback 
forces:

ΔV 0
VC2= Vref

S2 S3
Gm

C1 C2

Vref

A

T1 T2

ΔV
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Reference Integrator Locked to Reference Frequency 
P3 high S3 closed

S2 S3
Gm

C1 C2

Vref

A

C1 C2

C1 ref

ref ref

V V Vref
s ince V Gm V T2 C1
then : V Gm V T2 C1

C1or : T2 N / fclkGm

:
= =

= × ×

= × ×

= =

T1 T2
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Summary
Replica Integrator Locked to Reference Frequency

Feedback forces Gm to 
assume a value so that :

S2 S3
Gm

C1 C2

Vref

A

int g

int g
0

C1 N / fclkGm
or

Gm fclk / NC1

τ

ω

= =

= =

• Integrator time constant locked to an 
accurate frequency

• Tuning signal used to adjust the time 
constant of the main filter integrators

Tuning Signal
To Main Filter
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Issues
1- Loop Stability

S2 S3
Gm

C1 C2

Vref

A

• Note: Need to pay attention to loop stability
C1 chosen to be smaller than C2 – tradeoff between 
stability and speed of lock acquisition
Lowpass filter at the output of amplifier (A) helps stabilize 
the loop

Tuning Signal
To Main Filter
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Issues
2- GM-Cell DC Offset Induced Error

Problems to be aware of:

Tuning error due to master integrator DC offset

S2 S3
Gm

C1 C2

Vref

A

To Main
Filter

int g
0

Gm fclk / NC1ω = =
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Issues 
Gm Cell DC Offset

What is DC offset?

Simple example: 

For the differential pair shown here, 
mismatch in input device or load 
characteristics would cause DC offset:

Vo = 0 requires a non-zero input 
voltage

Offset could be modeled as a small 
DC voltage source at the input for 
which with shorted inputs Vo = 0

Example: Differential Pair

oV

inV

-
+

+

-

M1 M2
Vos

Vtune

EECS 247                                                        Lecture 6:  Filters © 2009 H.K.  Page 48

Simple Gm-Cell DC Offset

( )
( )

( )
M 1,2

os ov1,2th1 th2
M 1,2

W
L1V VV V

W2
L

Δ
= −−

Mismatch associated with M1 & M2 
DC offset

Assuming offset due to load device 
mismatch is negligible

oV

inV

-
+

+

-

M1 M2
Vos

Vtune

Ref:   Gray, Hurst, Lewis, Meyer, Analysis & Design of Analog Integrated Circuits, Wiley 2001, page 335
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Gm-Cell Offset Induced Error

( )

C1 C2

C1 ref

C1 osref

os

ref

V V Vref
Ideal V Gm V T 2 C1
with offset : V Gm V V T 2 C1

VC1or : T 2 1Gm V

:
= =

= × ×

= × − ×

⎛ ⎞
⎜ ⎟= −
⎜ ⎟
⎝ ⎠

Vref

Vos S2 S3
Gm

C1 C2

A

I=Gm(Vref - Vos)

•Effect of Gm-cell DC offset: 

Voltage source
representing 

DC offset
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Gm-Cell Offset Induced Error

os cri t ical
re f

os

ref

VC1 GmT 2 1 fGm C1V

Vfor 1/ 10
V

10% error in tuning!

⎛ ⎞
⎜ ⎟= − ∝
⎜ ⎟
⎝ ⎠

=

Vref

Vos S2 S3
Gm

C1 C2

A

I=Gm(Vref-Vos)

• Example: 
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Gm-Cell Offset Induced Error
Solution

int gC

• Assume differential integrator

• Add a pair of auxiliary inputs to the 
input stage of the master Gm-cell for 
offset cancellation purposes oV

main
inV

+
-

+

-

M1 M2
M3 M4

-

+

aux.
inV

+

-
-
+

+

-

Main
Input

Aux.
Input

EECS 247                                                        Lecture 6:  Filters © 2009 H.K.  Page 52

Simple Gm-Cell 
AC Small Signal Model 

in1 in2
M 1 M 3g V g Vm min1 in2

M 1 M 3g V g Vm m

intg2CM1
oV

AC half circuit

intg2C

oV

CGS1

Small signal model

orVin1

Vin1

( )M 1 oo o om in1 int g

M 1
M 1m o

o in1 m o
int g o

M 1
m

o in1 o in1
int g int g

M 1
m

1r ||V r  is parallel combination of r of M1 & loadg V s 2C

g rV V & g r a1 Integrator finite DC gain
1 s 2C r

a1 gV V Note : a1 , V Va1 s 2C s 2C1
g

⎛ ⎞= ⎜ ⎟×⎝ ⎠

−= = →
+ ×

− −= → ∞ =× × ×+

gM1Vin1
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Simple Gm-Cell + Auxiliary Inputs
AC Small Signal Model

in1 in2
M 1 M 3g V g Vm min1 in2

M 1 M 3g V g Vm m

intg2CM1
oV

AC half circuit

M3 intg2C

oV

CGS1

Small signal model

orVin1 Vin2 CGS3

Vin1 Vin2

( )M 1 M 3 oo o om in1 m in2 int g
M 1 M 3
m o m o

o in1 in2
int g o int g o

o in1 in2
int g int g

M 1 M 3
m m

1r ||V r  parallel combination of r of M1, M3, & current sourceg V g V s 2C

g r g rV V V
1 s 2C r 1 s 2C r

a1 a3V V Va1 s 2C a3 s 2C
1 1

g g

⎛ ⎞= ⎜ ⎟+ ×⎝ ⎠

−= −
+ × + ×

=− −× × × ×
+ +

gM1Vin1 gM3Vin2
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Gm-Cell 
DC Model

aux.
inV

( )o in2in1 osV a1 a3 VV V= ++

oV

main
in in1V V=

+
-

+

-

M1 M2
M3 M4

-

+

+

-

-
+

+

-

Main
Input

Aux.
Input

Vos

aux
in in2V V=

int gC

oV
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Gm-cell two sets of input pairs 
Aux. input pair + C3a,b Offset cancellation 
Same clock timing

Reference Integrator Locked to Reference Frequency
Offset Cancellation Incorporated

+

-

-
+

P2

P2B
-

+

P3

P1
+

-

+

-

P1

P2

P3

P2B

P3

P2 P3

P2

Vcm

+Vref/2

-Vref/2

Vtune 

C1 C2
C3a

C3b
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Reference Integrator Locked to Reference Frequency
P3 High (Update & Store offset)

out osV V=
osV

+

-

-
+

-

+

+

-

+

-

Vcm

+Vref/2

-Vref/2

Vtune 

C1 C2

C3a

C3b

Gm-cell Unity gain configuration via aux. inputs
Main inputs shorted
C1, C2 Charge sharing
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Reference Integrator During Offset Cancellation Phase

out osV V=osV

C3a

C3b

+

-

-
+

+

-

( )o in2in1 os

in2 o

o os o

o os

o os in2 os

V a1 a3 VV V
V V
V a1 V a3 V

a1V V
1 a3

Assuming a1 a3 1

V V & V V

= ++
= −

= × − ×

→ = ×
+

= >>

= = −

C3a,b Store main Gm-cell offset

0

o sC3a,bV V= −
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Reference Integrator Locked to Reference Frequency
P3 High (Update & Store offset)

out osV V=
osV

+

-

-
+

-

+

+

-

+

-

Vcm

+Vref/2

-Vref/2

Vtune 

C1 C2

C3a

C3b

Gm-cell Unity gain configuration via aux. inputs
Main input shorted
C3a,b Store Gm-cell offset
C1, C2 Charge sharing

osC3a,bV V= −
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Reference Integrator Locked to Reference Frequency
P1 High (Reset)

+

-

-
+

-

+

+

-

+

-

Vcm

+Vref/2

-Vref/2

Vtune 

C1 C2
C3a

C3b

Gm-cell Reset.
C1 Discharge
C2 Hold Charge
C3a,b Hold Charge

Offset previously stored on C3a,b  
cancels gm-cell offset

osV

osC3a,bV V= −
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Reference Integrator Locked to Reference Frequency
P2 High (Charge)

osV
+

-

-
+

-

+

+

-

+

-

Vcm

+Vref/2

-Vref/2

Vtune 

C1

C2
C3a

C3b

osC3a,bV V= −

Gm-cell Charging C1 
C3a,b Store/hold Gm-cell offset
C2 Hold charge

I=gm1(Vref -Vos)-( -gm3Vos )
I=gm1xVref
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Summary
Reference Integrator Locked to Reference Frequency

Key point: Tuning error due to Gm-cell offset cancelled
*Note:  Same offset compensation technique can be used in many 
other applications

out osV V=
osV

+

-

-
+

-

+

+

-

+

-

Vcm

+Vref/2

-Vref/2

Vtune 

C1 C2

C3a

C3b
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Summary
Reference Integrator Locked to Reference Frequency

Feedback forces Gm to vary so that :

S2 S3
Gm

C1 C2

Vref

A

int g

int g
0

C1 N / fclkGm
or

Gm fclk / NC1

τ

ω

= =

= =

Tuning error due to gm-cell 
offset voltage resolved

Advantage over previous 
schemes:

fclk can be chosen to be 
at much higher frequencies 
compared to filter 
bandwidth (N >1)

Feedthrough of clock 
falls out of band and  thus 
attenuated by filter
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DC Tuning of Resistive Timing Element

Vtune Tuning circuit Gm replica 
of Gm used in filter

Rext used to lock Gm to 
accurate off-chip R

Feedback forces:  
Gm=1/Rext

Issues with DC offset

Account for capacitor  
variations in this gm-C 
implementation by trimming 
in the factory

Rext.

-

+ -

+

I

I

Gm

Ref: C. Laber and P.R. Gray,  “A 20MHz 6th Order BiCMOS Parasitic Insensitive Continuous-time Filter 
and Second Order Equalizer Optimized for Disk Drive Read Channels,” IEEE Journal of Solid State 
Circuits, Vol. 28, pp. 462-470, April 1993 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


