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Getting more bandwidth

At this point we have learned basics (MOTC etc)

How can we get more bandwidth.... ?
Resistive feedback
transconductance-transimpedance
emitter-follower buffers, benefits and headaches

emitter degeneration...basics

emitter degeneration and area scaling
ft-doubler stages..

distributed amplifiers

broadbanding / peaking with LC networks....
examples....




Emitter Degeneration, |
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Emitter degeneration was introduced using only an emitter

resistance. We will find we instead want an RC combination
suchthat R.C,=C,. /g,,.
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Emitter Degeneration, 2
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Next note that the topology Is such that we can work with
R,,C, etcremoved,andadd them back later....



Emitter Degeneration, 3
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Working from Vbe: ce = % Re
l, = JoCy My 1, =0 Vee SO 13=(9,, + JOC, )V, = 7
ButV, = I,(1/R. + joC. )" =V, *g,.R.
(note that the frequency dependent terms cancel)
So, |, =V, /(R; +1/9g,,)and
Z, = jaC,, = joCy (L+g,Re)”
R,, and C_, etc can now be added back...they dont change
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Emitter Degeneration, Summary

/ Ccbhx / Ccbx
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gmVbe
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Ce i
i Re _ -1
’_'l: % Cin _Cbe(1+ngE)

= gm,extrinsic — gm (1+ gm RE)_1

Other element values do not change...



Emitter Degeneration, Unbypassed emitter resistance
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Rex

gm,extrinsic — gm (1+ ngE)_1

can be shown by elementary nodal analysis, work through...
Key observation: degeneration by this method results in a series
Input resistance, which can increase Cbe charging time.
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Emitter Degeneration, combination case
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Emitter Degeneration and Area Scaling 1
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emitter area =Ae

current density =Je
Current =Ae*Je=le
transconductance=gm
input capacitance=Cbe
collector capacitance=Ccb
base resistance=Rbb

Consider the CSstage. If we desireagain A, =—0,, R, ,
then we have

al = Cbe(Rgen + Rbb) + ch [(Rgen + Rbb)(1+ gm,extRL) + RL]
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Emitter Degeneration and Area Scaling 2

—= 1

emitter area =Ae

current density =Je
Current =Ae*Je=le
transconductance=gm
input capacitance=Cbe
collector capacitance=Cch
base resistance=Rbb

H—

AI\/‘
-

Re

\
/1

Bigger transistor, before degeneration
emitter area =kAe

current density =Je

Current =kAe*Je=lke
transconductance=kgm

input capacitance=kCbe

collector capacitance=kCcb

base resistance=Rbb/k

now degenerate:

Re picked such that (1+gmRe)=k

intrinsic transconductance=kgm

extrinsic transconductance=kgm/(1+gmRe)=gm
Input capacitance=kCbe/(1+gmRe)=Cbe
collector capacitance=kCcb

base resistance=Rbb/k
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Emitter Degeneration and Area Scaling 3
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We have made the transistor K times bigger, then
degenerated by K :1. We are left with the original gm and
Cin, but have increased Ccb by K :1and decreased Rbb by
K:1

al = Cbe(Rgen +%) + kch |:( Rgen +%j(1+ gm,extRL) + RL:|

Cbe Rbb

al — Rgeane + ch [Rbb (l+ gm,ext RL)]+ + kch [Rgen (1+ gm,ext RL) + RL]

So, appropriate choice of k exchanges delay terms associated with Rbb vs
Cchb, and gives the highest bandwidth



Emitter Degeneration and Area Scaling 4. Emitter Follower Case

Why might we want to do this ?
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Emitter Degeneration and Area Scaling 5: Emitter Follower Case

Ccbl =
R1
( Cch2 éRL
| (
m{ ;

Rbb1 —| F— vvaVbZ L{ E

Chel
© Che?2 %

Considering only termsin alassociated with the CE stage,

R R
al =t kchZ(( r(bz + Rout,lj(1+ gm,extRL)+ RL) + Cbezi%_k Rout,lj

Note that the undegenerated R,,C, . time constant of an HBT
Is several times1/2zf_, and can be a major bandwidth limit.
Area scaling/degeneration as above is one method to address this.




Ft-doubler stages....the Darlington Revisited

R1 RL %Ij\/ a1 T E\Rf
Q1
Q2 Rbb1 AN T
1 I:P Rbb2 al
Ree L - H Ree T I\j_ Ree% T =

Cbe? Cbel L Che2

Recall the improvement in Damping provided by Ree....
...Is there a larger lesson here ?
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2 Kinds of Darlington:

Rgen; RL Rgen

01
Q2

Q1
Ree% = Ree%

EF collector grounded

é RL
.
Collectors tied together

If collectors are tied together:
AC collector currents of both transistors contribute to output :)
Both transistor Ccb's undergo Miller multiplication :(



Ft-doubler stages 2
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Ft-doubler stages 3
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lin Icl lout
—>
Vin
+
gm1Vbel
Vbel—— Cbel C‘ ¢ Iz
v
Vbe2
= Reezl/gml% T ( * >gm2Vbe2
Work from V, , : Cbe2

— Ja)CbeVbel 1 cl g Vbel 1 — gmvbe1(1+ ja)Cbe / gm)
1+ JjaCy /9y)
bel” “ee -
(1+ Ja)cbe ee)
Choose R, such that C,.R,,=C,./g,,...nence R, =1/g,
be2 (ngee)Vbel _Vbel S0 Vbel _Vbe2 _V /2

. =JwC, /2 andl_,=9,V,. hencel , /Il =29, /]joC,,

e1

Vbe2 — IelRee /(1+ ja)Cbe ee) g V

out



Ft-doubler stages 4

Vin + +
@ Vbel ‘ Cbel . #)gmwbel ¢ Ic2 ng|n

{ . _1 Chbe/2
Vbe? Vin =~
Reezl/gm1§ Il gm2Vbe2

Cbe2 -

| =]JoC,. /2 and | , =9.V,,

../, =29,/ ]aC, =2f [ |f
.we have doubled f_ |

Note that this analysis has ignored Rbb and Ccb...we have
certainly not doubled fmax, nor will we have doubled overall
circuit bandwidth, given the presence of these other parasitics.



ft-doubler vs Darlington...thinking in terms of current gains:

in H21lin (2*H21+H21*H21)lin
«— «—

(1+H21)lin ¢H21(1+H21)Iin

¢ Cbe2

T~

Currentgainis I /1. =2H, +(H,,)* whereH,, = f_/ jf
SinCe Iout — Icl + ICZ — ngbel + gmvbeZ — gm (Vbel +Vbe2) — ngin

Iin/V :Yin: On ~ = - O =

Current gain varies at lower frequenciesas (f_/ jf)?
which gives high current gain but negative input conductance




ft-doubler vs Darlington...thinking in terms of current gains:

in H21lin 2*H21lin
<——

—>>
¢ Chbe2

R

lin

H21lin

Currentgainis I, /1., =2H, whereH, = f_/ |f

Since Iout = Icl T |c2 = gmvbel +d Vbe2 = g (Vbel +Vbe2) = gmvin

out

Ly Vi =Yin = In_____On Jfgm—lf(Z”Cbe/Z)
2H,, 2(f /jf) 2f

Current gain varies at all frequenciesas (2f_/ jf)
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ft-doubler vs Darlington...current gains:
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f - doubler stage

T N emaa Darlington stage ]
......... common - source stage |
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0.1 1 2 10
normalized frequency, ff.



ft-doubler ...correction for Base resistance

=CbeRbb/gm

lout
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Vin l
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mlVbel
@ Vbel—— Cbel J ¢ Ic2
T et
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= Ree=1/gm1 ( ¢ )ngVbeZ
Vbe2 =
L=CbeRbb/gm

I

The indicated inductance is necessary for equal current splitting
between the 2 transistors in the presence of Rbb. In this case the
iInput impedance is Cbe/2 in series with Rbb/2...again note

that this correction is significant because RbbCbe>>Cbe/gm
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ft-doubler vs Darlington

What is the conclusion of all this ? We can view the ft-doubler
as a special case of the connected-collector Darlington with
heavy emitter-follower loading: in this case the second-order
(resonant) response is entirely suppressed. More generally we
might vary the EF loading to vary the damping. (The particular
case of power amplifiers favors the ft-doubler due to efficiency
reasons...)
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Tuning: to prevent reflections, to peak gain

Z0
- 1
%Z: Cin i
T_ = Rout=Zo
Rin=Zo
. —=0.Z,12
1+ jeCZ, 12
S, = JC?CZO/Z ,where Z. = ZO_i
1+ jwCZ, 12 JaC

The input capacitance has hurt both S11and S21,
Input match and gain
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Pi-section input tuning....

Z0

fL"g, =

Z0

-

[~ Cin=C/2 =

CX:C/Z_T_ 3 =
Rin=Zo

Rout=Z0

Absorb the transistor input capacitance into a pi -section
C.=C,.=Cl2=7/2,2

L=¢Z,=(2C, Z,)Z,

Effective for freqeuciessuch that the pi - section is short
(hence f, <1/7Z ,C)

Gain flatness and match improved for f<fo, but made worse
for >0
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T-section Input tuning....

L/2 20
Z0 -
I\/:L
L/2 1 =
“T- Cin=C =

RiN=70 % Rout=Z0

Absorb the transistor input capacitance into a T -section
C.=C,.=C=1/Z,
L=1Z,=(2C, Z,)Z,
Effective for freqeucies such that the pi - section is short
(hence f, <1/7Z,C)
Note that for a given Cin, we have doubled fo relative to
the pi - section case...
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T-section tuning in feedback amplifiers

Zo Rf

1
5
|

70 L/2
L/2 1 2o
T cin=C = —— _L/:L_
RIN=70 Rout=Z0 | 1
“T" Cin=C

By Miller Approximation :

R, =Z,1-A)

L, =(L/2)1-A)

This is frequently used in 50 Ohm FBAs...danger is
reduced stability.
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Bridged-T-section input tuning....

Z0
L/2

Z0

\

RIN=70 Rout=Z0

C,=C,.=C=7/Z,

L=¢Z,=(2C Z,)Z,

Insofar as the transistor has an input impedance modeled
by Chbe, S11is exactly zero.S21 nevertheless rolls off at
about the same frequency as the T - section case...



Bridged-T-section input tuning....

F ) (a)
i
matching Zo &
network il
i " - }.
frequency
L, = (Z,— R\ Z,C ‘H_,._,-"Q .
La = (7,4 H;]Zv(“m._.:"ﬁ.

The mid-band voltage gain and transducer power gain are same as the
common source case (eq. 3.7), but the amplifier exhibits a gain peaking
and the gain falls to the low frequency value at

Afpy— (1= 3(Ri/Za)) 1

- : — — o~ . (3.20)
7Z:Cas \ (1 = (Ri/Zs)) (1 = (Ri/Za)?)  7ZuCle

for R; < Z,. Note that the -3 dB bandwidth is somewhat larger than A f g
(exact expressions for fspp are intractable).

Karthik Krishnamurthi



Tuning Networks use Microstrip elements....
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Distributed Amplifiers : Theory

- — Rioad

_,I;L _,E \ synthetic drain line

T~ - synthetic gate line

/1

/1

\

/1
N

e HEMT input/output capacitances absorbed into artificial input/output lines
e broadband circuit ; gain/bandwidth limited by

HEMT resistive parasitics (f.,)

distributed structure Bragg frequency

iInput/output transmission line skin-effect losses



ECE194J /594J notes, M. Rodwell, copyrighted 2011

Synthetic Transmission Lines

[ N N J
transmission line section
— | :

line section inductance
—

| —
TO0 ST SIS

i C/'\ T~ C1 T T~

. : HEMT input capacitance
line section capacitance

e synthetic input/output line formed by transmission line sections
e fransmission line

characteristic impedance Z =JLIC

cutoff (Bragg) frequency  fg=1/7+/LC

delay T=+/LC



Transmission Line Loss

lossless line

frequency-dependent loss

= a=4n’f*C/RZ,/2

L
7000 7000 - frequency-independent loss
R

a=72,/2R
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HEMT Equivalent Circuit

Gate i Drain
o—AN\WN— O
+
Cgs == Vgs { ) 9ImVgs rds
@
Source

e simplified equivalent circuit
e element values scale with HEMT size

* fr — gm /chgs 1’-max = fr\/rds /4r|
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CS HEMT TWA

z-7,,
= length=1,, T
Ry te velocity=,
e \ V=V Ricad
~ L= zstubl
vt length=1_,,.
Q1 velocity=v,,,
J:‘"_ - 3 —3
Cyiy = p— pm— p—
HQE" \ Hg,tErm
2=z,
Vgan length-= |£1 . =

velocity=v,
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CS HEMT TWA--LC equivalent




CS HEMT TWA--SS model

Gd'”__ —_— .
—— —— —— T
LIRS LI A L LIRS
ng-n Lg’E T I—g T Cg T =T HQ.IEH‘I‘I
E— =— =— -
Vgen E—y



TWA..limits to gain and bandwidth...

Gate (input)line loss :
Ne, <1/2...sets a high frequency limit because o, = @°C°R,...
Drain (output) Line Loss

Nea, <1/2..setsagain limit because oy, = Z, /2R,

Input - Output Delay Mismatch

N(T,... —T,...) <90°..just requires we get design right...
Low - Frequency Gain

S,, = Ng,.(Z, /2)(capacitive degeneration ratio)
....together with above limits, sets feasible gain - bandwidth
Bragg Frequency

f <1/ 7~/ LC...can be made very high with lots of very
small transistors....no problem...

gate
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Undamped Darlington FBA

ee




Feedback Amplifier with Follower Driving ft-doubler

Gains, dB

0 10 20 30 40 50 60 70 80

Frequency, GHz
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80 GHz HBT Distributed Amplifier

] S
%DE: —:I?EI—G out 10 7 21
o/p bias Cyes 50 fF 5 —

deg

Q,Q o ]
W, X L, =0.5X 9 unt S
baseblas WX L= 11X14pm g .
J=2X10° Alemt ‘© ]
8 Q,.-Quo O] -5:
W, X L,=05X18unt ]

W x L= 11X28um2 -10 7] 22
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-20

€1
0 4
_ZO Frequency, GHz




5dB, 180 GHZ BandWldth HEMT TWA
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