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Announcements

e Exam 1 Mar 10
 In class
* One double-sided 8.5x11 notes page allowed
 Bring your calculator
 Covers through Lecture 6

e Reading
 Sackinger Chapter 6
» Razavi Chapter 5



Announcements & Agenda

o Multi-stage limiting amplifiers
e Bandwidth extension techniques

o Offset compensation



Limiting Amplifiers

-----------------------------

e Limiting amplifier amplifies the ;’
TIA output to a reliable level — __!
to achieve a given BER witha X4 | V.
certain decision element T
(comparator) T

e Typically designed with a ST A .+ g

bandwidth of 1-1.2X data rate f'"'_l_l'_l—li_l—l_
e Want group delay variation TIA 0utDUM\

<+10% over bandwidth of
interest to limit DDJ LA Output




How to Achieve an Ampilfier GBW > f.?

Assume for a 10Gb/s system that we need to build an amplifer with 4, =30dB and f5,; =10GHz.
GBW,,, =(31.6)(10GHz)=316GHz
However, the peak f; of our technology is only 200GHz, and generally we can

only achieve a single - stage amplifier GBW of

Max Single - Stage GBW, = ]; r _ 200GHz

=66.7GHz

with 4, =30dB = f;,5 = % =2.11GHz, well below our 10GHz spec.

Instead of using a single - stage, let's break the amplifier into multiple stages with
lower gain, but higher bandwidth. An optimal choice, from a maximum GBW perspective, is
n =17 stages, with 4, =%/31.6 =1.64 and f;,3 =31GHz, or GBW, = 50.8GHz
After multi - stage bandwidth compression, this will yield a total GBW = 316GHz

with our target gain of 31.6 and with a single - stage GBW, = 50.8GHz that our technology can support.



Multi-Stage Amplifier GBW

GBW,,,

GBW,

1. 2. n-th Stage
If every stage is a single - pole amplifier
AVS
[
a)?)st

The total multi - stage amplifier transfer function will be

n

1

v S Vs n
in 1 + 1 i S
a)3 dBs

a)3 dBs

A

out __ VS n

The gain has increased significantly, but the bandwidth does compress relative to a single stage.



Multi-Stage Amplifier Bandwidth Compression

The total amplifier 3 - dB bandwidth, o, ,,,1s where

n
n
Vour | _ A _ A
V., 1+ J O3 4Bior \/5
a)?)st
n
A A’

NEYA
s 1510r = D355 2/ —1

The total multi - stage bandwidth does compress, although at a much slower rate than the increase in gain.

Thus, a significant increase in GBW can be achieved with a multi - stage amplifier approach.



Optimum Number of Gain Stages

Assuming that there is a maximum per - stage GBW, that the technology can support

GBW.

GBW, = A 0, = @, = (Note, here GBW is in rad/s)

Vs

If we need to achieve a high bandwidth, we have to reduce the per - stage gain and increase the number of
stages. However, the bandwidth will compress with cascaded stages. Thus, there must be an optimum
number of stages for a maximum potentail gain bandwidth.

Recall that the total bandwidth 1s

| 1 GBW !
O3 1101 = 3455 24 —1= y : 24 -1

Vs

and we will achieve a total gain G,, with n stages

Avs :Gé — a)3dBt0t = GB;;VS 2% _1

tot



Optimum Number of Gain Stages

For a given total gain, we would like to maximize the bandwidth. In order to do this, let's make the

following approximation

GBW GBW |1
= s S |[—In2

) —
3dBtot % G % n

tot tot

2 1 x

Also, instead of maximizing this expression, let's minimize its reciprocal w.r.t the number of stages

L[ N
GBW NIn2 )

C()3 dBtot

d( 1 d Jn v
= Gtolz = 0
dn\ @,,,, ) dn\\ GBW ~/In2

Moreover, to make this easier, let's minimize the natural log of the denominator,

as this should yield the same optimum.

d 1 . d \/E % _i l l n —In n =
%(1{@%&0)_%(1{(%% MJGmD_dn(zln(n)+n1 (G,)-1 (GBWSﬂ)j—O




Optimum Number of Gain Stages

d

n

M

1

@3 4Btot
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_d
dn

M

\n y d (1 1
Gn||l=—| =1 —In(G,.,)—-InlGBW .~In2)|=0
GBIV, Tao | o dn(2 n(n)+n n( tot) n( s VI )j

1 1
- zln(Gtoz):O

n n
1 1

—In(G,..)=—
N n( tot) 5

Thus, the optimum number of stages is

nopt =2 ln(Gtot )

and the optimum stage gain is

A 21n(Gt0t) -G

Vs ,opt — Yot

2 ln(Gtot )ln(Avs,opt ): ln(GtOf )

Ay op=~le =1.65
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Optimum Number of Gain Stages

For example, a multi - stage amplifier with G,, =100 should have
n,, =2In(G, )=2In(100)=9.21
Assuming 9 stages results in
A =3100=1.67

which is close to e =1.65

Relative to the per - stage bandwidth, the total amplifier bandwidth will compress to

[
WOs4ptot — W34p; 2A -1= 0-2830)3st

e Note, while this is the optimum number of stages from a
maximum GBW perspective, the bandwidth doesn't falloff

too dramatically with lower n

e Thus, from a power and noise perspective, it may make
sense to use a lower number of LA stages

e Typically high-gain LAs use between 3-7 stages
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Bandwidth Extension Techniques

e In order to increase the bandwidth of our multi-
stage amplifiers, we need to increase the
bandwidth of the individual stages

e Passive bandwidth extension techniques

« Shunt Peaking
» Series Peaking
 T-coil Peaking
e An excellent reference

2424

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 11, NOVEMBER 2006

Bandwidth Extension Techniques
for CMOS Amplifiers

Sudip Shekhar, Student Member, IEEE, Jeftrey S. Walling, Student Member, IEEE, and David J. Allstot, Fellow, I[EEE
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Shunt Peaking

Vi 1 R+ sL
2) = "2 = (5 ) st = i

e Adding an inductor in series with the load resistor
introduces a zero in the impedance transfer function

e This zero increases the impedance with frequency,

compensating the decrease caused by the capacitor, and
extending the bandwidth

13



Shunt Peaking

1AM |

-

Lop= 0.4R%C,

While the inductor can increase the
bandwidth significantly, frequency peaking
can occur if the inductor is too big

For a flat frequency response, ~70%
bandwidth increase can be achieved

A maximum 85% bandwidth increase is
possible with 1.5dB of peaking

. RC | .
Ratio of (j time constants

Normalized

e Normalized eak frequenc
Condition %2 = m = RXC/L bandwidth ’ re5poqnsc ’
Maximum bandwidth ~1.4] ~1.85 1.19
1Z| =R @w = 1/RC 2 ~1.8 1.03
Maximally flat frequency response ~2.4] ~1.72 I
Best group delay ~3.1 ~1.6 ]
No shunt peaking 00 l l
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Bridged-Shunt Peaking

2

—— Uncompensated
—a— kB = 0.0, m = 1.4,BWER =

’4\ —0—kB=01m=1BBWER=:':§
cB=J= ) Max1WL,Nc?CB//E\ S TsanER
’ \

——kB = 0.2, m = 2.2,BWER = 1.83
—=—kB = 0.3, m = 2.4, BWER = 1.83

h W N
dN

il o

<

out

Magnitude (dB)

4 i \
‘7 108 109 10

10
Frequency (Hz)

3

= B (k3+1) - (kg) e kp = Cp/C.wyg = 1/RC, and m = R*C/L
14+ —+ s+ | —
wp T w,D
e Adding a bridge capacitor in parallel with the inductor allows for

compensation of the frequency peaking with the possible maximum
shunt peaking bandwidth increase

e A real inductor will always have some parasitic C;, and thus kg will be
>0 in practice even without an extra cap

m w

15



Series Peaking

C 1T e E (s
0 0
Vin =={:‘I Cz ;
l ."fc:@l/c m:RZG/L

Vv

e Introducing a series peaking inductor is useful to “split”
the load capacitance between the amplifier drain
capacitance and the next stage gate capacitance

e Without L, the transistor has to charge the total
capacitance at the same time

e With L, initially only C, is charged, reducing the risetime
at the drain and increasing bandwidth
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Series Peaking

R
Vin i ==c1 (:2
i Vv

e As the capacitance is more
distributed with a higher k.
value, a higher BWER is achieved

e Up to 2.5x bandwidth increase is
achieved with no peaking

e Higher BWER is possible with
some frequency peaking

Magnitude (dB)

—— Uncompensated
4} =#=kC=0.0, m=2.0, BWER =1.41|..;

—— kC =0.3, m = 2.4, BWER = 2.52
+—kC=04, m=1.9, BWER=275| !

Sl ==kC =04, m=25 BWER=3.17 |
——kC=0.5,m = 1.5, BWER = 2.65

8

= ®

10

0
Frequency (Hz)
kc=C,/C | Ripple (dB) | m=R2CIL BWER

0 0 2 1.41

0.1 0 1.8 1.58
0.2 0 1.8 1.87
0.3 0 2.4 2.52
04 1 1.9 2.75

2 2.5 3.17

0.5 3.3 1.5 2.65




Bridged-Shunt-Series Peaking

e Combining both shunt and series peaking can yield even higher
bandwidth extension

. 2
er(q): mq ] Wp miy J Wy
N s (l+kp 1-ke\s2 (ks ke(l—ke)\ $* [ (ke+ks)(1—ke)\ st [kpke(l—ke)Y s°
I+—+ + —+{ =+ —+ —+ —
wo my ma wo ma ma wp mimso Wy maymso Wy
_ 2 -
my = R G/Ll Mo = RZC/LQ
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Bridged-Shunt-Series Peaking

kc=C,4/C Ripple (dB) | m=R2CIL;) m=R2CIL, | ke=Cs/C | BWER
C 0.4 0 8 2.4 0.3 3.92
8 L1 2 6 2.4 0.2 4
R 0.5 2 6 2 0.2 3.53

L2
v E =c, =C,

v Vv
e Proper choice of component values e -\ |}
can yield close to 4x increase in JESSHERE S AN REE]
bandwidth with no peaking N Frequency (Hz) N

e However, this requires tight control
of these components, which can be
difficult with PVT variations
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T-Coil Peaking

e If the input transistor drain capacitance (C,) is
relatively small, then the bandwidth extension
through shunt-series peaking is limited L‘l

. Vout
K4 d I
e T-coil peaking, which utilizes the magnetic ¥§b »

coupling of a transformer, provides better —y
bandwidth extension in this case |: ==cC: =,

» L, performs capacitive splitting, such that the Vin
initial current charges only C,

 As current begins to flow through L,, YV
magnetically coupled current also flows through
L,, providing increased current to charge G,
which improves bandwidth and transition times




T-Coil Peaking

R
L
- Vout AR AAAE VW;.
K’"K‘! > Lo+M M
[
¢L,
C. L,+M
n@® ==c, T ==,
==C: ==C, R
Vin
AV v 4 AV 4
Vv
( ) &
_ mg /) wWo
Zls) = 145 ( L ke N 2k ki, ) 52 N (kc(l — kc)) N ke(l—ke) (L—k2) )\ st
wo my Mg mimz ) wj ma wp myms wd

km = ﬂff/leLQ.
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T-Coil Peaking

R 1
: Vour P HEMT
K =
. H H
:. L2 A= Uncomp;nsatEd: : : 1
. v kC=0.1, m1=4.0,m2=1.6, km = 0.7, BWER = 4.63 i i i I
— =+ kC=0.1, m1 =3.5, m2=1.6, km= 0.6, BWER = 5.59 \ NnE
—&= kC=0.2 m1 =55 m2=24, km=0.6 BWER =4.14 H H H
5|t kC=02 m1=4.0,m2=24, km=05 BWER =486\ iy
o C1 e Cz ] ~kes 3321 :jﬁgl’. e :;ﬁ:: :2 :. gg ;‘x;: - 322&
10° 10°
Vin Frequency (Hz)
ke=C4IC R(E’g;e m=RECIL,| m=RCIL,| k, =M/,|L.L, BWER
0 4 1.6 -0.7 4.63
0.1 1 3.5 1.2 -0.6 4.92
; u ; 2 3.5 1.6 -0.6 5.59
0 5.5 2.4 -0.6 4.14
0.2 1 3 2 -0.6 451 |
- . - . 2 4 2.4 0.5 4.86
e A bandwidth extension of 4x is possible : : e .
. . 0.3 1 3.5 2 -0.4 3.98
without any frequency peaking 2 4 26 04| 454

e If peaking is acceptable, then a BWER
near 5 can be achieved, depending on
the size of C,
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Active Bandwidth Extension Techniques

e While passive techniques offer excellent bandwidth
extension at near zero power cost, there are some
disadvantages

« Generally large area
 Process support/characterization of inductors/transformers

o Active circuit techniques can also be employed to extend
amplifier bandwidth

e Some active bandwidth extension techniques

« Negative Miller Capacitance
« TIA Load
 Active Negative Feedback

23



Negative Miller Capacitance

e In modern technologies, |
Cqad is a significant (50% to -
near 100%) fraction of Cgs

C, j'L l:

» Amplifier effective input o T~
capacitance can increase | /[ R
significantly due tothe "~ R
Miller multiplication of Cgd é

e Without additional Cn:
Cin = Cgsl + (jgdl(1 o Agd)
As A4, is negative, and often is the differential gain of the amplifier, this can result in

significant increase in the effective input capacitance

|
ol

24



Negative Miller Capacitance

e In order to mitigate this Cgd oy )
multiplication, additional [,
cross-coupled capacitors can - .
be added from the amplifier
inputs to the outputs - {L_1M1‘” G

o Effectively, the charge on this EE
additional capacitor charges a
(large) portion of the Cgd
capacitor

|
ol

Cin :Cgsl +C dl(l_Agd)+Cn(1_(_Agd))

&

If C,1ssetequalto C
Cin = Cgsl + 2ng1

Thus, as long as the amplifier gain is > 1, a reduction in the effective input capacitance is achieved
25



TIA Load

; Rp o R

8—-——}—0 Vo ‘ % 4, = _ngT(S)
Ry A
I FAF
Vv, [ Yo [ j
ol g : Zp(s)=
| V,o—-lt i A, BW 1L 5 .8
= TG 20" o}
= = ]
! 1
= = (4p +D)RRCy, (j
4,=-g,Rp w, = \/(AF +1)BWp 0= \/ W
Cin :Cgs +ng(1+ngD) RFCL RFCL + 1
1 F
Wp = with a Butterworth response, can show that
RpCy 7
W34p ® 4 for the same gain.
pLL
Cip = Cos +Cy (1 + ngDj
A
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Cherry Hooper Amplifier

s> >
q-_R R -
=Nd d=

n3 n4

Vouﬁ Vout2

o[

ME"—-nz

1 — L;C'gd.,?\f?;
' 9m , M3

C2 + s(RC)op +1°

Acu = Ac
CH CHO 5 Ry

9m. M3

;‘lC-‘H,O = .(/m.ﬂIlRf-
C? = C1Cyq.m3 + C1CL + Cya.m3CL,

R+ Rq CL

! 1 +

(RC)en = RfCyam3 + .
/ Ragm. s Jm. M3
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Active Negative Feedback

o Instead of using simple first-order amplifier cells, a
second-order cell with active negative feedback can
provide bandwidth enhancement

T 2 ¢ 2
AL G =R, Vin 8%+ 2Cwp,s + wi

Vinb_D_‘_D__O Vout A = Gm1GmzRr1 R
" 1+ GmaGmsRr1Rro

v — V .
l DD DD Vout A’UO Wﬁ,
G mi

¢ = 1 Rp1C1 + RpaCo
I < ‘ I 2 -\/RL]_RLQO]_CQ(]. -+ GmmeQRL]_RLz)
G wz _ 1+ GmmeERLlﬂLQ
mf " RMRLQQ(’JQ .

“7 NG

Inverting
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Active Negative Feedback

o This second-order amplifier cell can be optimized for different
objectives, but G, can be set to yield a Butterworth response with a
maximally-flat frequency response

l Voo — Voo ¢ = V2/2
Gm1

R =R
H G - W-3dp = Wn

l"llrin[j'_D_‘_D__‘7 Vout Apold_a “32 o Gm1Gm2
VO — 50 Gj_ cfz
A . GmleQ 1
voW —3dB = . C "
G 142 W-_3dB

C1I mf Icz
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Active Negative Feedback

m1

Gml Gm? 1
C1C2 w_34B

ATTDW—SdB —

l Voo — Voo
G AL+ G, =R, The ratio GTm is proportional to the technology wr

Vinb—D—A—D—o—o Vout GTm = awr

<

C4 -=l— mf ;

.G G
Assuming =2 ~ 2 ~ qwy
Ci Cz
4 (awr)? a‘wr
C voW-3dB = = Wr
2 W_34B W_34p

e The second-order cell gain-bandwidth can potentially
achieve a value greater than the technology f-
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Limiting Amplifier Example 1

Yoo
L1 g g L1 Voo
Amplifier Core Lo L2
PO TS EsssmmmmmmmannmmnmneeEn ! Buffer R 1= =R a % ip
] :E
+o Matching [T - SO I S e P [ [+ °‘;' 1 Mg ) L2 -
Vil'l ' - _+ _ _1i i : _+ out l_‘ _______ -- Vout
- o Network : e 0~ M, J 1 o
T e . 4 i m; M, P]
ion 000 - 1} ey, ., | rseE===="=- 1 : :
Offset Can/cellat:on Re \ i : : —
rE o MWy /o__w.;_:.“_: M, mz:_"-.—-I | : ss2 ,
k * Wy Ircl: . - : Gm2 . :
Feedback Cp= -L c Re E lssta 777777 °° T\
F F : '
ampiifir ' L I G X F s Mo

Negative Miller
Capacitance
0.5 0.5

A A TINZNNA NN
/ARAHA

Vo il NN AT
S VAVEVARVAVAVARVINIINY

-0.5! 0.5 0 005 01 _ 015 02 025 0.
0 005 01 015 02 025 03 5 0 005 01 015 02 025 03 X 1o . X .
Time (ns) 0 005 o1 015, 02 0% 03 Time (ns) Time (ns)

Resistive Load Only Active Negative Feedback Shunt Inductive Peaking

o
1
[

025 I D« i o.zsw

Amplitude (V)
o
Amplitude (V)
=)
Amplitude (V)
o
[
Amplitude (V)
=]

-0.25} / }
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Limiting Amplifier Example 2

e T-coils in LA stages |. wﬂﬁ n -
allow for a " gt ol G
CMOSTIA P =" Dt @ema

Com bi n atiOn Of v ““““ — 1 T-Coil RX Chip

- A B,";::: ! 'U VDD TIA V%D:L.h vﬁUT Boundary
) . FB- N ) ;
series and shunt B T i aae:

' L i
peaking and close | f%%

to 3x bandwidth P T
extension ' -

2.2pF

25 Gh/s T-Coil RX Eve ,  25Gb/s T-Coil RX Bathtub Curve
! TN T 1 T 7 [Proesel ISSCC 2012]

—h
L=
én

Bit Error Rate
=

10"’

H. | | | | |
16 psldiv 03 02 -01 Tlmg(UI) 01 02 03 2



Offset Compensation

e The receiver sensitivity is degraded if the limiting
amplifier has an input-referred offset

e This is often quantified in terms of a Power Penalty, PP

Vos

‘GppI Jr _ : _lr i _Ir L‘f’p + 2Vps

(a) (b) (c)

Fig. 6.5 Effect of an input offset voltage in the LA: (a) without offset, (b) with offset, and
(c) with offset and increased signal swing to restore the original bit-error rate.

¥ + 2Vps [ 4 2Vos
o
e It is important to minimize the offset of these multi-stage
limiting amplifiers!

PP =
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Offset Compensation

vip o—|
c’
]

e The DC offset, V, of the limiting amplifier is
compensated by a low-frequency negative feedback loop
Ideally, this reduces the offset to

V V

0s ~  OS

1+ A4, AA,

However, if the error amplifier has an offset, V,;, the offset becomes

() (2

with uncorrelated offset voltages 34




Offset Compensation

|AMD]

j
I
I
I
|
|
;

vip o—|
c’
]

fLF | Bwsdﬁ
(250 kHz) (12 GHz)

o The low-pass filtering in the feedback loop causes a low-frequency cutoff

1 44,/2+1
27 RC,

Note, the AA,/2 factor assume a 50Q driver source

e Thus, the feedback loop bandwidth should be made much lower than
the lowest frequency content of the input data

e This may lead to large-area passive in the offset correction feedback

e Some designs leverage Miller capacitive multiplication with the error
amplifier to reduce this filter area
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Next Time

e High-Speed Transmitters

36



