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Introduction to TIA & LA

® The signal produced by TIA suffers from small amplitude.

® The TIA must be followed by LA that boosts the signal swing to
logical levels.

® LA provides both a high voltage gain and large output swings.
® Design issues:

O Low noise

O Broadband
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Role of s Limiting Amplifier in a Receiver Front End
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Aspects of LA (1/2)

® Input Capacitance

The LA must exhibit a sufficiently low input capacitance so that it does
not reduce the TIA bandwidth significantly.

® Bandwidth

The data transitions at the output of the TIA ate relatively slow, but
the LA must amplify and clip the signal such that V_, exhibits a high
slew rate and short rise and fall times.
® Noise
O Input-referred noise of LA is critical for two reasons:
* Their large bandwidth yields a greater integrated noise;

» Design of TIAs with a high transimpedance gain becomes
increasingly more difficult at high speeds, making the contribution
of the LA noise significant.

O Overall input-referred noise current of TIA/LA cascade:
V2 LB

out

2w =12B "t Noise BW of TIAandLA are B, and B, .

T
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Aspects of LA (2/2)

® Gain

O The first stage of a limiting amplifier must provide enough gain
SO as to minimize the noise contributed by the following stages.

O LA typically employ only 3 to 4 stages.
® Output Drive Capability
The output stage must deliver large current to the 50-Q2 loads.
® litter
It is desirable to maintain the limiter jitter below a few percent of the
bit period.
® Offset Voltage
LA usually incorporates offset cancellation.
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Cascade Gain Stages

Rout Rout
Vino b b o Vout

2
1
Overall transfer function: H(s) = A W, =
1+ i RoutCL
@, the —3dB BW of each stage
-3dB BW of the overall circuit:
2 2
A A
| =5 0. = 0yNV2-1 ~0.6440),
1+ L] Cascading two identical stages decreases the BW
w, by about 36%.

Similarly, for N identical stages, the -3dB BW is:

A YV_A oo iy
— =7 D w.=oNY2-1 W O =0 § for N > 2.

@,
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Gain-Bandwidth Trade-off in Cascade Gain Stages

W_345 = Do\ Y2-1
® If N =4 and choose o, =27 xR, then o, = 2.3x27xR,.
=» The BW of each stage must exceed 2.3R,.

® |If each stage provides a small gain and a wide band, then N must be
large so as to achieve the required gain and vice versa.

® For a given overall gain (A,,), an optimum value of N exists that
yields the maximum overall BW.

Normalized bandwidth as a function of N for A, = 100 (40dB):
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Find an optimum value of N B« B: Gain-BW product
. a,
Assume TF of each stage is expressed as: H(s) = —OS
1+ —
Wy

For N identical stages, A = [Bj and hence o,
(4

_ B
YAs

/7 \/ 1 0.9
a)SdB_a)O -1=B \/— \/—m

To minimize the denominator, we take its natural logarithm: InD :In—Ner
10D 1
Differentiate with respect to N » —
P DN 2N N2 " Au

® The derivative vanishes at N, =2In A |, independent of B.

® The corresponding BW is
1

_ 098 _Zlnptot - 0 6368 2|np“

U oA, T A,
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Normalized bandwidth as a function of N
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® N, =2InA, the BWreaches a maximum at N ~ 10.

However, the plot also reveals only an incremental change in @ 545/B
for N > 5.

O As N goes from 5 to 10, the BW increases by less than 15%.

O With N = 10, the gain per stage is small, making the noise
contributed by all of the stages significant.

® Typical high-gain LA employs no more than five gain stages.
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Effect of limiting on bandwidth
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® Owing to relatively complete switching of the tail current and the
finite delay of each stage, the last two differential pairs process the
zero crossings of the data at different times, violating the
assumptions behind prior work.

® Small-signal BW of limiting stage provides a conservative measure
of the large-signal speed.
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Delay through a differential pair

c, I R, = =R, I c;
SN N S R
Vin1 o—{ o Vin2
M, M,
Iss

( T
T= R1 C1 t
® Assume M;&M, sense a relatively large input swing and exhibit a
high small-signal g, in equilibrium.
O With long transition time of V;,, high g,, enables M;&M, to steer Igg during AT.
O Upon flowing through the loads, I,&l, generate output waveforms with a time
constant of R;C;. (As if the input had nearly zero transition times)
® |n a cascade of identical stages operating with sufficiently large
signals, the speed is only that of one stage.
=®» a common effect in cascade digital gates
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Tapered output buffer

Ol
Vi n
o0—

For 50-Q2 loads, it must employ high currents and large output
transistors in the last stage. ® Large input capacitance

®» The cascade is tapered in device dimensions and bias currents from
the first stage to the last so as to maintain a wide band while
delivering high output current
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AM/PM conversion in a differential pair (1/2)

Voo
. i Rz =R I ¥ For moderate input swings, the V-to-I
characteristic of the differential pair is:
Vouts :.Lu »—I—o Voutz Iout ~ alvin n agvir?

Vin1 o o Vin2

M, M, Suppose Viy =V sinat :

_ : 3.3
| =V, SINwt + oV, sin® wt

= (alvm + %agvr:)sin wt —3a\ sin3mt

Considering RC loads:
Vo (0) = A (@, + 30V )sin(at + 6) — A 3 e,V sin(3mt + 6,)
where A = R/+1+R?C%0?, 6, =—tan™(RCw), A, = R/ V1+9R’C?w?, 0, = —tan*(3RCw).

® Despite harmonic distortion, |, still crosses zero att =nz/w.
® |[f V _ varies, the output zero-crossing points shift in time.

®» If VV;, contains random noise on its amplitude, V,, suffers from
random shift in its zero crossings, i.e., jitter.
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AM/PM conversion in a differential pair (2/2)

Estimate the jitter resulting from AM/PM conversion:
If the output zero crossings deviate from their ideal points in time by At
»t=nz/o+ At

Vo (2 + A = A (aV,, + 3V ) (Sin6, + w- Atcos6) — A S a,V, (sin 6, +3w- Atcos b))

Setting the right-hand side to zero, we have
—A(aV, +3aVy)sing + A daV,ising,
Aoy +3aVy)w-cosb, — A S aV, (3w)cos,

At =

tang, 1A laN, sing,  tang L 31 A ay, 4sing,
o oA a+3aN’cosh, o 4o A a "coso,
® The 1stterm corresponds to the RC delay in the absence of nonlinearity,
l.e., if oz or V,, are very small.

® The 2" term reveals the dependence of At upon nonlinearity and the
signal amplitude. For example, if the delay variation < 5% of the period,

then we have iﬁvjﬂ <0.419
A a ~coso
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Broadband Techniques

® Inductive peaking

O Passive device

O Active device
® Capacitive degeneration
® Cherry-Hooper amplifier
® f_ doubler
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Source follower providing an inductive output (1/2)

v )
) DD Rg CGD is neglected,
S
a—ww—f M, = Ces V,CesS+9,V, =—I,
ﬁ V,CssSRs +V, =V,
v 4

Vi _ RiCges+1

7 =
» o IX gm—i_CGSS

O Atlow frequencies, Z = 1/g,,.
O Atvery high frequencies, Z , = Ry, because Cgq shorts the gate and source.

1 1
|zout|$ E>RS |zout|“ E<Rs
RS """""""""""""""""
1__/—
L Im _
© ©
(b) (c)

AIC3 5-15 Ching-Yuan Yang / EE, NCHU




Source follower providing an inductive output (2/2)

Equivalent output impedance of a source follower

fz, =2, find R, R,and L: L
Take R,=1/g., R, =R, — 1/g_, then {%@j—i._
1 z
t
CGSS(RS —lj 3" R2 ou
Zout - = = 0
gm gm +CGSS
1 1 1 1 1
- 1 17 "R s
Zout T RS o CGSS(RS —1j ! S Voo
gm gm gm gm Rg
C 1 Vin —W— M,
= L:GS(RS—] | [ voutm
gm gm C
I L
Drawback: Large voltage headroom consumption
L + = gt = bias currentt = V¢ ¢
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MOS device configured as active inductor
Voo 1 : :
|z.uld = <R Inductive behavior

out

Differential amplifier with inductive load:

VDD

Gb ® NMOS active inductor

Y Allow low-voltage operation

® Narrowband response:
Large capacitances introduced at X&Y
by the load current sources and M;-M,

; F1|—| limit the bandwidth to well below that
° @ achievable with passive inductors.

AIC3 5-17 Ching-Yuan Yang / EE, NCHU




Differential pair with capacitive degeneration (1/2)
Vv,

DD
I =R, G, = Yo .
o Vouio——1 i 1+ Jn & || L W, =
Co - CL 2 2Cgs RsC,
—[L.M M
Vinc L: ! 2 L—l gm(RSCSS +1) 9mRs
Rs = g.R o _1+7
e RsCsS“‘l"'im2 : " R,C,
v @ s
: g |G | &
: ' b=
1 1+ 9mRg/2 w
RsCs RsCs
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Differential pair with capacitive degeneration (2/2)

If the zero cancels the pole at the drain ® RsCs = RpC,.

then the amplifier's bandwidth is extended to (1+ gmzRsz =(1+ ngszZ

RsCs 2 CL '
Ay A
! Coincident
: Pole and Zero:
. -
1 1+ 9y,Rg/2 o
RsCs RsCs

® The speed is increased by a factor of 1+g,,Rs/2.
R
® Reduced gain: A = In"o

InRs
1+ 55

® The thermal noise of Rg may also pose difficulties.
® Benefit on input pole magnitude (See next)
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Input capacitance of a capacitively-degenerated stage

Vl — IOUt
O
I07UICGSSRG + Lo + @CGSS"' Lot i /2 = Vin
g, J d, R,Css+1
| U (RsCqs5+1)

V., R.CuRiC.s?+ (RsCos + RCs + RCys / 2)s+1+ 0, R /2

Find poles (assuming o, < ®,, ):

1+9, R /2 1+9,Rs /2
a)pl ~ gm S » a)pl ~ - 9Im S ™=
RyCqs + R,Cs + RCyq /2 RsCes
1 1 1 for R,Cgs > R (Cs +Cs / 2)
@y + +
RS CS RG CGS 2RGC:S . . .
1 The input pole magnitude is
The zero: w, = increased by a factor of 1+g,,Rs/2.
RSCS
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Three stages with & without capacitive degeneration

Assuming g,,Rs of 2, equal bias current, and negligible Miller effect:

Voo
Rp
M1 Vout
Vil1o_l H CL
T
cin
Cin ~ Cgs Cin~ Cgs Cin » Cgs /2
|AV|’N"ngD ‘AV‘%gmHDf'z ]A\-"‘”1:1111":]'D“r"‘-2
1 2 2
BW~A ——— BWA — BW~x ——
2TCRD CL Z?TRD CL QTCRD CL

(a) (b) (c)
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Cascade of differential pairs with capacitive degeneration

It is possible to allow the zero resulting from capacitive degeneration

to cancel the pole o,;. ® o, = @,

1+9, R, /2 1
RsCos + RC; +R.Cse /2 R,C,

s G _ 1 (2RG+1j
CGS ngS RS

Under this condition, @,, and the drain-substrate capacitance limit
the bandwidth.
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Cascade & feedback for two-stage circuit (1/2)

® Cascade of two CS stages:

1
Vv O |A|=9.,Ry and Dyx =5 ~
oD RD1CX
= Rp, O 2 stage:
‘ Vour * M, must be wide enough to allow a
reasonable gain.
E_Mz « Cgs, and the Miller effect of Cp,

< may severely limit the bandwidth at
node X.
® Use of source follower as buffer:

O Interpose source follower to isolate

V, : h
1, 1.7 node X from the input capacitance of
T o T D2 the 2nd CS stage.
Xt—lM; t——Vow 0O The follower consumes substantial
vinc,_“:-l_,.,,,1 |_—1M2 voltage headroom, limiting
*The allowable bias voltage across Ry,

- - *The voltage gain
O Attenuation by the follower if body
effect and channel-length modulation.
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Cascade & feedback for two-stage circuit (2/2)

® Two stages with feedback:

VDD
Is
out »
X"—I M2 X ¢
= M I

(with node capacitances)
Calculate low-frequency gain:  Small-signal analysis:

Vou = ImtVinRe =V O Small resistance at X and Y

Im2Vx =—FmVin O High-frequency poles:

Vour _ Om @, x z%and @,y z%

>y Imfe "o ' . oY
" m2 (inaccurate)
-1 .
If R > g, then the gainisequal 1 Cherry-Hooper amplifier, used in
to that of a simple CS stage. broadband applications.
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Equivalent circuit of Cherry-Hooper amplifier

R F Y
A'.l‘l' 0 Vou[
—II— J-
Cep2 Cy

Iin = gmlvin ’in @ I Cx :

1
(Iin +VxCxS)(RF ||CS]+VX :Vout and _VoutCYS_ngVX = Iin +VXCXS

GD2

» Vout _ RIECXCGDZSZ + (ngRFCGDZ +CX _CGDZ)RFS+ ngRF -1

L, R: (CxC, +Cqp,Cy +Cip,Cx )s* +(Cy +Cy +9,1,RCop2)S + Gz

In

Suppose the two poles are equal:

0, =0, = 20m, ~ Iz Much higher than those without
P C 4Gy +9,,RCaps 5
e T e e 01 2| feedback,e.g.,(R.C,) " or (R.C,)™"
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Differential Cherry-Hooper amplifier

With current-source loads: With resistive loads:
Voo Voo
Rn= =R
1@ G) I °T rP
REg RE Re RF
M 0 Vout M M © Vo ut My
0—| I——ib 1—I I—l-
My M, M3 M,
lss2 Issz
o R e
O

*
(?"351

?

@1331

‘
I, +1

Voo min = sep g lsip gy
DD,min 2 D 2

GS3,4 VISSZ

This constraint limits the voltage gain of the circuit.
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Modified Cherry-Hooper amplifier

To alleviate the gain-headroom trade-off, the resistors or current
sources provide part or all of the bias current of the input differential pair.

A

o
-9 1]

@1331

® R, must be much greater than the input resistance of 2" stage (~
1/9,,, if Ry is large) to avoid degrading the gain.

® Current sources |, , (PMOS) may introduce substantial capacitance.
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Cherry-Hooper amplifier with emitter follower in FB loop

Emitter followers are inserted
in FB path so as to drive the
load capacitance.

O Isolate collectors of Q;,
from the load

O Lower o/p impedance
O High voltage headroom

C.-H. amplifier proves more
useful in the first few stages
of LA than in the last few.

O Benefits of FB: diminish
as the signal amplitude
increases

O Differential pair experiences
large signal operation
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f; doubler (1/2)

Simple differential stage: fr doubler:
VDD

Rp Rp

Vin1 o—| F— Vin2
w w

L
L (V) Iss

Vout =0n (Vinl _VinZ)RD Vout =0n (Vinl _VinZ)RD

The same voltage gain but with lower input capacitance!

o—4g M ‘—4}——‘ ]
Ces r" ‘_"%L*“ngl\:' !

2 —] i}
Cas (I) Cas

(parasitic capacitance at A,B is negligible)
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f; doubler (2/2)

Drawbacks:
® Power dissipation is doubled.

® Total current flowing through Ry is doubled, possibly driving the
transistors into the triode region.

® Total capacitance contributed to the output is double, lowering the
output pole.

® |f the source-bulk junction capacitance of the transistors and the
capacitance introduced by the tail current sources is not negligible,
the input capacitance is higher than C4/2.
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