High Speed Digital Blocks
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Systems using high-speed logic

High-speed logic families

Frequency response of basic ECL/CML cells
Designh methodology for high-speed logic gates
Examples of typical high-speed digital gates

= Selector, AND

Latch, latched XOR, DFF
= Dividers

4:1 MUX

8:1 Transmitter



Example of a fiberoptics SerDes
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Serializer w/o full-rate retiming
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4:1 40-Gb/s Multiplexer
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10 Gb/s




2:1 Selector
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2:1 Static Divider with D-type latches
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MOS-CML D-type latch




Deserializer Block Diagram
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16 Demultiplexer
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Transceiver with re-timed MUX & DMUX

/N (bit/s) Fastest digital
1 —- £ (bitfs) circuits in system
: N:1
N +4J
£/2 (Hz)

I’/N =~ PLL

= Fiberoptic systems

= Backplane systems

LOCK &

= |/Os on digital chips DATA || N
COVERY|
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High-speed digital logic families

= All high-speed logic families use diff. topologies
= Current-Mode Logic (CML)

= Bipolar

= SCFL (using MESFETS)

= MOS

= BICMOS
= ECL or E°CL(Emitter-Coupled Logic)

= Bipolar

o |[I-V FET

= BICMOS
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CML vs. CMOS
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General Characteristics of CML

» QOperate in the active region for highest speed
l.e. triode region avoided

» All high-speed logic families use differential amplifier topologies
they typically consist of inverters, cascodes, SF/EF+INV

» Static power only

l.e. for a given gate, power dissipation does not depend on

switching speed
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Inverter
(emitter/source
coupled pair)

Emitter/source
follower

Cascode
Ind. peaking
All of the above

ECL Cells
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Design goals in high-speed digital blocks

= Maximize speed:
= topology optimization (inv, cascode, EF..)
= transistor biasing & sizing (1, 1_, W, N))

= Minimize power dissipation:
= | owest tail current for given speed

= | owest bias supply (related to topology)
= Optimal inter-stage scaling (current & size)

= Achieve output swing in matched 50Q load.
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Switching speed analysis

s Digital gates can be treated as small signal amplifiers

= The open circuit time constant technique (Elmore delay)
can be used to analyze the small signal frequency

response
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Analysis of fanout-of-k MOS-CML inverter stages
é RL é Rl-"ké

| » 9\\\ W
L—r—l: | o kW
— -
i O (L) gerr
For full switching: Af>2 R,
T2:<RL+?)[k (:gs—|_<'I +ngL)kng]
R
T=7,+7,=R (C,4+Cy,)+ R, k—|—Eg [Cyet(1+9,R)C4]
L
| AV —AV
A,=—R qg.: -1 . R = hence A, =
v L9m>  9nm V- L B v V.



Cascading MOS-CML inverter stages

é RL % é Rl-"“é [ [
i"i...__,_l: L L kw1,
) -
i ) 11 (L) gt
T1:AVng+Cdb+Cint+<k+&)A (:gs—l_<'I _AV)ng

ly

Keep Rg <0.1 xR,

Not difficult to do!
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Quasi-Large Signal Analysis of Gate Delay

20 T ————— .
' 1 eaker = 0-3 MA/Um and remains
1 constant over technology nodes

T

_ ._|+WG WG<_|_'

T
i |
18- |

16

14}

[ &—e 90nm
gl oo 90nm SOI
| — — 130nm

| —— 180nm f
4 ] [ B A I | ] A
107 10" 10° <v> IT
/W (MmA/m)

» There i1s no improvement in delay beyond W = T
;S —

.= 0.3 mA/um 0.3 mA/pm
AVMIN:2><[VGS(IDS:O.15mA/um)—VT] scales with L
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BICMOS Current-Mode Logic

Bipolar CML BiCMOS CML MOS CML
RL% % . RL% % .
AV AV
. ;||_L|
< — — — — - - ~

¢IT DI

- C.+C '
v Highslewrate . _\y BcI cs x High C__
x HighR C__ 5 c +TC v LowR C__
x Lower yield Hk+==|ay—82_—6P v High Yield
, R, l
x HighV__ v LowV__

v MOS low input time constant

v HBT low output time constant )
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BIiCMOS cascode gate delay

| |
SLHBT: CpeakfT gL — DpeakfT
FET
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R IT J! RL __I_T__
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T . L T 4
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Taiomos~AV ——=+[k + =2 |AV —=—2°<
| R |
T L T
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BIiCMOS CML Logic

Main ideas:

» Use MOSFETSs on clock path only to reduce Rngin time
constant

*» Use HBT in upper levels to reduce output time constant

» Logic swing remains that of the bipolar CML at 250 mVpp,

hence speed

» Only clock path needs to have MOS-CML swing
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MOS vs. SiGe BiCMOS CML Delay

201 N MR B 1T T T T
[ 1 i
18- | | 7
: | :
16F \ | .
: \\ MOSCML
14f | .
g 12F | . B |
" NN i © |
10} v/ ] :
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6L 00 %0nm SOIL | _'
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R PT™ I ARSI AR
10 10 10 102 10" 10°
I./W (mA/um) I/W (mA/um)

* Speed improvement as FETs scale is due to AV scaling.
» Adding a SiGe HBT to a CMOS process almost doubles the
speed 24



Using Inductive Peaking to Improve
Bandwidth or Reduce Power

» AV is set when technology choice is made 1
. . . o R
Design equations without peaking: A\/i% L
L
1 AV | P
BW,45= , R = ,  BW;4= :
2R C, - 2mTAVC, T °
. . . . C:L
» Design equations with peaking and constant —]
group delay
C R’ C.AV? _ l1.exl; =
Lp: Lp: 5 BWBdB_
3.1 3.1 | 2mAVC,

T

» For a given speed and technology there is maximum realizable
inductor L, and a minimum /_and power that are needed to

achieve that speed C,
lein =AV
3.1L

pmax
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Inductive Broadbanding in Latches and
Selector

VDD
T. Suzuki et al., IEEE ISSCC Proc., pp.192-193,
Feb. 2002.
! !
1L JF Y )——I

.
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Design Methodology for Max. Speed

Set AV = 1.5xAV__ (600 mV in 130 nm, 400

MIN

mV in 90 nm, 250mVpp in BICMOS)
Set /_as low as possible for given speed

Size MOSFETSs to be biased at JpT/Z =0.15
mA/um with | at 0.3 mA/um. HBTs biased at %

3Jpﬁ/2

W. W w
Start with inverters, add peaking and ._||: G . =
broadbanding, .
Add (if needed) EF/SF biased at 1/3 .. % J__ @ .

Optimize scaling ratio between stages: a =
1.5 .. 2 ratio I1s a good start.
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Pseudo-CML

V

DD

» Need Vi > 0.5V to operate at 40+Gb/s => remove |_

» V__of data-path FETs determines V__ of clock-path FETs =>
LVT+HVT 28



Design Ex.: 1.2-V 90-nm CMOS latch

Vv, (1.2V) @ No current source in clock-path

1400 » High-V_devices on clock path.

100pH

’ ourr @ lg,s=l/2=0.15 mA/um.

M3 M4 M5
DATA_P o-{| 30x1pm |—| I:
X Y

LVT
DATA No

I4+——=% @ To fully switch the 90-nm MOS diff pair at
0.15 mA/um: AV > 300 mV

M1

CLK_P I I CLK N
iy e Tl s Forl, =45mAandR =40 Q:
30x1pm _T_ 30x1pm
HVT = HVT

AV=(l,;+,,) R, =9IMA X 40 Q2=360mV
» Total capacitance at the drain of M3 (A, = -1.2):
Ci=Cu3tCu3tCoyst Copst Coet (1= A )C gt K (Coes +(1—A ) Cy)=197fF

gs6 gs6

* L =100 pH extends the BW to: 1.6
W3dB:2 =32.3GHz
T

LCT

@ Power consumption: 10.8 mW/latch.
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Retiming DFF — Die Photo

* TIA

*» DFF

@ Qutput driver

@ Clock tree
P=130mW @
V=12V

@ Area =600x800

Eieicicir. r I cie
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An 81Gb/s, 1.2V TIALA-Retimer in
Standard 65-nm CMOS

Shahriar Shahramian et
al,
IEEE CSICS-2008
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Block Diagram

4-stage driver

2x4mA 2x4mA each
RF 'd X N\
InA
pp AT
Ing
RF — — — —
\ J \ J
Y Y
CMOS TIA 4-stage LA

8mA each 2x(2x4)mA A
A '4 \
- N 8mA 8mA 12mA 16mA
D Q
/A
A

differential buffers

2x4mA
Rr

S8mA 8mA

flip-flop

]
w o S P

W
Rr

CMOS TIA

Y

Clock distribution
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TIALA schematics

1.2V

1.2V 1.2V 1.2v 1.2V
4| 26x1.6pum |7
svT 1000 75Q
225pH 100Q
LN
o 350pH £ 455pm 125pH 350PH & 2504 175pH € 42501 out,
o0 —THn 1) M——
150Q 450pH * 4mA * 450pH 1500 * 4mA¢ J * 4mA¢ * 4mA *
+—W—T— — N W—s Outs
26x0.8uym 26x0.8um 26x0.8pym
125pH M
IL@L% 26x0.8pm | SVT HVT HVT
Ing
o

s Simulated small-signal gain is 20.5dB with a 3dB bandwidth of
44GHz.



Single-ended to differential conversion

1.2V 1.2V 1.2V 1.2V
750 750 750 750
175pH 125pH 175pH 125pH 175pH 125pH 175pH 1250H o
(11} /50, (11} >

ey [ [ [
1

Ii ¢|T=8mA Ii_ ¢I7=8mA IL_l_ ¢|T=amA Ii_ ¢I7=8mA

= Differential pairs with active current sources provide single-
ended to differential conversion.
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Clock distribution network

1.2v 1.2V
J]i 1.2v 0.8V
% 26x1.6um % = = 2kQ
SVT T T
150fF 150pH
p 55pH 55pH 85P"' 25pH 0
11 o>

]
1|
]
150Q 450pH * 4mA * 450pH 1500 Outs
lb—M—W—( —/UW—W—o 26x0. 8pm 26x 08|.|m
HVT HVT ﬁ }—‘

Clk;,, 55fF
D o ” {l— 26)(50\.,8Tpm ]}_
125pH4|:$ I i
A% = 1 *I =8mA ¢| = 8mA

= Simulated differential, small-signal gain of 6dB between

50GHz and 85GHz.
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81-Gb/s flip-flop schematic

1.2V 1.2V
50Q 500
g 150pH § 40pH £ 150pH E 750H out,
L11) ’ >
\ 4 [ .
In Lint Outp
o | 14x1.6pm 14x1.6pum 14x1.6pm 14x1.6pm
LVT — LVT — — LVT
InB
>

4mA¢ ¢ 4mA 4mA¢ ¢ 4mA

26x0.8ym
l HVT }—‘
= Clka l Clkg =i

26x0.8pym |
HVT '

= Combination of HVT and LVT transistors allows for operation
from 1.2V.
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Simulated BOGbIs eye-diagrams

Transient Response E
65@m - eyeliagram{¥T("/InB" "/homes/sshahram/simulation/All_ 11 A eyeliagram(VT{""/112/FRONT_B'" "/homes/sshahram/simulat
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i .08
630 | :
s20m | 9BOm
G16m F BEEmM L
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M 780m
59@m | .
r GEEm [
580m | o
el N R | R R EGm Do o ————— |
0.0 10p 20p 34p 5.0 12p 20p 305
A %14 13Tep BTT.89Zm] delta: {(Z7Z.702f —74.87Tu] A %5 BZEp T.E4T35) delta: {4#5.5538F —469.765m)
B: (14.70430 &11.817m) slope: —138.628M EB B.67A56p 572.586m) slope: —18.31T r
1op eyeDiagram{(VT{"/112/LA_B" ""/homes/sshahram/simulation 480m
E
1,14 ;
360m |
1.808 £
. 26@m - .
9oam After Retimer : £ After Driver
700m Y
@a.@a
SEAm
SEEM F o L 1@Bm E b
5.0 10p 70p 3p 0.5 10p 2P 30p
A %9 Ted17p 1.03463) delta: (2464547 —40E.777m) A %5 BE7hp T759.405m) delta: {1.42477p T3Z.347u)
B: (9.1B477p 833.91m) slope: —18.2996T B: (8.14182p 179.537m) slope: 9106948



Die photograph

DC and Biasing

M DOCOR S8

= 0.57/mm x 1.2mm
= Vdd = 1.2V, Total Power = 200mW
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Measurement result: 78Gbl/s

50 Hle Conftrol Setup  Measure  Calibrate  Utilities  Help 25 May 2008 19:24 =
m
-
ol
i =
i
Fafio ._ﬁg_‘
x| |z
@
T || e e
x|
ither =
S
ﬂ MEZIY eyl A i
- [~
someasue %, AF W O AF |
cuUr rent I i £ i i (=R )] total mess
Eve height {2 11.5 m¥ 0.9 mY 1.8 m 54F Setlp
Percentage Eve height (4) 332 mv 332wy 333 mY 534 E |nfo l
7006 ps 7006 ps 7006 ps a1a

Jitter p-pii}
More Jitter p-pidy 2.778 ps 2667 ps 2.778 ps a09
{1 of 3)
1 Precision Timehase... 0.0 A dine 100 i Time:5 .0 psdiv Thg: Free Bun o Pattem
J Feference: 13.00000 GHz I !—TEI.E ' I !12[!.[! ' I DEIarE#.‘IEEB % I -— l 2l ok
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Measurements: 81Gb/s with 80 mV__ input

ﬁ File  Control  Setup  Measure  Calibrate  Utilities  Help 25 May 2008 20:2:' _

Precision Timebhase. ..
Reference: 1350000 GHz

Tirme:5.0 pediv
Delay: 24 1291 ns

Ttig; Free Run

A0.0 iy 100 sl
~100.0 ' 120.0 m'
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MOS-HBT (pseudo) CML

Ve (3:3V) 2.5V 2.5V

R =
m e | [T

CLKP ouT —
CLKN !
J HONO | l
1 1 g

- 0.3mA/pum

» HBT ECL to BICMOS CML

@ 3.3V to 2.5V and reduced number of tails

1.8 V (lower power) at same speed

» Inducti king to i d
nductive peaking to increase spee 0.15mA/um
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12-GHz Latch Design (E Laskin, CSICS-2005)

300 mV
2.5V Sw|ng

min. size HBT
IN K L( 1.5 x Jpeak -fr = Itall
>
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43-Gbl/s BiCMOS CML Latch Design Example

Yee 25V 2 Jprr: 8mA/um, C_=23.2pFxI_, C'
=1.1fF/um, C_=11fF/um?, A =2.85

s« WM1,M2) = IT/O.BmNum =

o 4mA/0.3=13um

o 1.(Q1-Q4) = 4mA/
(0.17umx12mA/um)=2um

@ IE(QS-QG) = 2mA/(0.17umx4mA/um)=3um

o R =AV/I_=300mV/4AmA = 75Q

e |=130pH for k=1 & 184pH for k=2

CT:C’cs1 +Cbc1 +Cbc4+Ccs4+Cbe3+(1 _’A‘V)Cbc3_|_k (Cbe+<'I _AV)Cbc):72ﬂ:

BW,,,=1.6X——— =47GHz(33.8GHz fork=2)

T(RLCT 44




Examples of Logic Gates
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Selector: BICMOS CML

CL=3CBC+ 2CCS + Cimt

200mYy .. 300mV

| R = Nn-MOS current
! ! tp tails for voltage
~ L ﬁ 2 headroom
N1 < = |nductive
. - peaking may be
g P T needed

Ty
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Selector: CMOS CML (60 Gb/s in 90-nm )

= |nductive peaking

‘LSE‘V
; : ; = n-MOS only
CL=3CGD + 2CDS + Cimt
1ov | . ~» & source follower for
I - clock level
outn
inlp .
—h + = ® reduced swing for
inin headroom
clkp - ~eut .
4»""1 }!_ _!ﬁ in2n
clkn 0.3

e ——

12 mA; 18 mW

Broadcom patent US 2002/0017921 A1:

“Current-controlled CMOS circuits with inductive broadbanding”
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Selector: BIiCMOS 80-Gb/s
( T. Dickson et al, ISSCC-2005)

)y g o *EF? & series-shunt peaking for
| F—
' highest speed
O (e *3-D stacked inductor
R Ol MR
0N = TE LF>1 LF,1I o3

48



BICMOS CML XOR Schematic

(E. Laskin CSICS-2005)
TR )
1 :u

0.5mA 0.5mA 1mA
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AND: BIiCMOS CML

33y

Cln=3CBC +2CCS + Cint outn .
.- ' - = n-MOS current tails for
CLp—3cBCsCCs Gt P voltage headroom
—— Fias = Cascode for good
i isolation and
—t symmetry
2 |: j_‘
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Divide-by-2 block diagram and latch
schematics

W ; Master Latch Slave Latch
: : ouT 4 /S / OUTPUT
Q D Q Buffer

La'tch Latch DRIVER

| J
| lﬁ I——I\/\/\,—oVBIAS
00~

L1 s

EXTERNAL
2.5V CLOCK
g g 800 V=2V
200pH
203 3 |_|: ramz 20om o 8mA latch
e g E .5um
D- & I/IO .6um |—I |—| \|| > o+ - - :
1 ouT
CLK+OO— o Q- o——leglj _| 16 |_J
CLK-& 1um 3.5mA} DATA
2570 % % | ama 3800 % % o—{ izo ZOI‘_I
T CLOCK pa
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der layout (20 x 16 pm?)

Vi




PVT performance of 65-nm GP CMOS divider

INPUT POWER [dBm]

10 T 10 ———
o / 7] [
5 /\/-——\ ] [
oF _ [
- 7 HO_
i ] E |
: 3 3 I
10 7 x-10 |
o 7] m i
: ] 3 |
20 | 7 2 .20 |
i ] I—-20-
- 7 : [
i . g 1
30 [ ] T30
40-11 | | P ] ] :
40 —
60 65 65 70

70 75 80 85 90 -75----80-...85....90
FREQUENCY [GHZz] FREQUENCY [GHZ]

 QOperates up to 78.5 GHz at 100 °C from 1.1V supply and at
80 GHz at 125 °C from 1.4V

» Does not divide below 57GHz
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65-nm GP/LP CMOS vs. SiGe HBT and
BICMOS dividers

©—0 65nm LP, 1.5V (v1)

®—e 65nm LP, 1.5V (v2) E

-40 m—a 65nm GP, 1.2V
— BipX, 2.5V

-45 +—# BipX; 3.3V E

20 30 40 50 60 70 80 90 100 110
FREQUENCY [GHz]




2.5-V, 1.4-W, 90-Gb/sTransmitter

F______________—

/ I lidjust 50-0) \
34.8-43.2-GHz VCO Driver I
L T~ /\ PLL OUT
PFD [— T T QJ/ I
;I: [ 43-GHz EXT CLK [
40-GHz PLL \ SEL CLK SELECT I
- I
DIvV2 Div2 Div2 Div2 43-GHz |
CLK
N /
—i———nmqﬁnr——————————
o~ =] =— — ETSTGHI |
\ CLK .
o] 215 \  Output Driver
—_—

< : 43-Gbls I S
21.5-Gbis Y I I 50-Q

MUX|—

Driver

PRBS for ! |75
BIST

Mux| 21 .5-Gb/s

< MUX [43-Gbrs Tc? . rl:fIIe

21.5-Gbls
——

PRBS

. \¢
| i
IR
On'Chip : 8-channeIT
| e
I
I
L Ve

Re_i_(a L
h——}\/— _______ > 4 55




2.5-V. 90-Gb/s BIiCMOS Selector

V_ =25V

SF for voltage
headroom ......

&
.0
-—‘IIIT 1 "
: T D
IN2

EF for higher ....2 i .E

ban dwidth,:"f- R L|
o s Q, Q Q, Q ®
CLK:: 5 |;_ :: ‘<."---“’ |\_ \——fi
- hﬁ : ? !
TR

S
1"

.
-----

= |
il

90-Gb/s selector consumes 60mW -



2.5-V, 90-Gb/s BIiCMOS Output Driver

V_ =25V
cc

% RCM 50Q

MOS g_and input

capacitance relatively
|-‘ constant as bias current
changes.

» Excellent for output
I':l stages with adjustable
= amplitude control.

57



2.5V, 40-GHz PLL with Resettable

BICMOS latch

ICPAdjust 50-Q
f * 40-GHz VCO Driver
e 40-GHz PLL
PED H cP ~ {>—>
— T  38-42 GHz lock range
1 I_ 40-GHz EXT CLK
= (optional)
\ SE:/Lf CCCCCCCCC
DIV
 J
40-GHz
CcL Vcc:2'5V 2
1" D Q ——o UP R% %RL %%
fef ._>
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Measured Results: 80 Gb/s

g

o File Control - Setup  Measure  Calibrate  Utilities  Help 06 Apr 2006 0337 —|

|
|

- Measure ¢ - : : s
current ML i 1 i i M3 i ML total meas

Bit Rate{®) B1.1 Ghvs 80.4 Ghis  81.1 Ghis 10076 K Setup
Eve Ampgs) 305 mY 05 my 09 my 10.076 k E Info l
Fise time{:y 4.33 ps 4.33 ps .11 ps 10.076 k
Jitter RHS(3) 587 fs 451 fs aA2 fs 10.076 k

» Running for more than 1 hour continuously in the lab.

o Jitter: 560 fs (rms) , Rise/fall time: 4-5 ps, Amplitude: 300 mV .

per side -



90 Gb/s: amplitude control

Precision Timebase...
Reference: 45 00000 GHz

Little degradation in eye quality as amplitude

Precision Timehase. ..
Feference: 45.00000 GHz

varies from 150 mV to 300 mV per side
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80 Gb/s at 100 °C

% Agilent 07:04:24 Sep 3, 2007 [Freq/Channel|

Mkr2 408.943 GHz
_36.93 dBm Center Freq

iof 0 don Atten 10 dB 41.0500008 GHz
Lo Center
10 |41.05000000 GHz Start Freg
dB/ 1 2 2 406500006 GHz
o o o

| e i Stop Freq

42 0500086 GHz

! CF Step

M [ e 2AR BARRAA MHz

LaAw | — AL tA Man
Center 41.050 GHz Span 2 GH: s" File  Control  Setup  Measure  Calbrate  Utilities  Help 05 Sep 2007 12:50 ;l

Fes BH 3 MHz VBH 3 MHz Sweep 10 ms (B8] pts)

Marker Trace Type # Axiz Amplitude q
1 1> Freg 48317 GH=z -36.58 dBm

2 1 Frag 48.943 GHz -3E6.93 dBm
3 1 Freq 41.577 GHz -36.21 dBm

]

=

@)

=

S

|~
= e Level = [ a ? .
|F|Ie Operation Status. C:\PRBS40A.GIF file saved % i

hw
O LEWE

m s Measure g H
current i F i mum M2 i mum total meas
v Heig Bit Rate{dy 826 chys  81.8 Ghvs  BZ.6 Ghis 594 Setup
350 & Info

Jitter RMS(4) 483 Ts 458 fg 456 f=
Fall time{d) 11.44 ps 447 ps 1186 ps 544

More | Rize time{dy 9.89 ps 7.00 ps 9.89 ps 542
{2 of 3)
1 . Precision Timehase... E1.7 m div A0.0 mAdiv Time:5 0 ps/div Trig: Free Run 1 Pattem
J Feference: 40.00000 GHz 20.0 L I 585 Delax:zdmm nz l -—- 2 Lock
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Summary
Minimum delay of MOS/BICMOS CML gates occurs at

0.3mA/um

Minimum MOS-CML voltage swing and delay decreases with

every new node: 600mVIop In 180nm, 450mVIOIO In 130-nm,

350mVpp in 90-nm and 65-nm CMOS

In the 0.15 - 0.4mA/um range, CML delay is robust V_, /__, and

VGS variation.

Algorithmic design methodology for MOS, HBT and BICMOS
CML gates
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Back-up slides
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Device model parameters

\Device Parameter

D0nm CMOg7130nm SiGe HBT| GaAs p-HEMT | InP HEMT
m/um 1.2 mS 38*IC 0.5 mS 0.65 mS
Cgd(Cbc)/um 0.4 fF 2.5 fF 75 aF 175 aF
Cgs(Cbe)/um 1 fF 3fF + 0.3p*gm 750 aF 584 aF
Cdb(Ccs)/um 1.5fF 1.1 fF 170 aF 220 aF
JpfT (mA/um) 0.3 0.3 0.3
SL (V/ps) 0.16 0.56 0.81 0.56
IBVCEO/GDO (V) 1.5 1.6 6 2
VBE/VT (V) 0.3 (0.75) 0.9 -0.9 -0.6
Vsupply (V) 1.2 1.8-3.3 5 3




RLé—ﬁ:,,

Ay

CE/CS Stage

_ngL

:1 +s[Rno(Cn+Cu(1 +g., RL))+RL(CH+CCS+CL)]
T1:RnoCW+RHOCH+RL(CH+CCS+CL)
R.o=r 1R, R,,=R,,(1+9,R)+R,

1 1 1 1 1 1 9

= + + + + +
r, R,C, RC, RC, RC., RC C,
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CE/CS stage: input impedance

1

Z
[CTr+<1 +gm RL)C

inputNRb_I_ ]S
U

1 ' 1+RL(C,,+CCS+CL)S
sC_ sCu(1+ngL+RLsCCS)

In(2)_ 0.69
Tdelay_ o
w 6.28x20GHz

3dB

=5.5ps
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CE/CS stage: numerical example

_~IcR R =0;R x2I.=AV=250mV;A,=-5

Ay=—0g,R. = v
T 1 1

(C' +C' )AL C,

7,=R (C +C_+C )=AV—* +AV—

T |7
c' +C'.. C, 1 . C (fE
LEAVIT T T AV g T T T(ps)=0.25(2+ ()
T T T l.(MA)

I_‘lprT

CpT
= |t takes 1 mA of tail current for each 2 fF of load capacitance
to maintain 50% of intrinsic slew rate!

= The base resistance term cannot be neglected in HBT
Implementations.

= The gate resistance term can be minimized in MOSFET
inverters by reducing finger width W,
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130nm CMOS example (Rg=0)

|
'A\V:_RLgm:_2 »Om = VT ;
eff

V., =03V;AV=06V;A =-2,C =0k=2C =0.5F/um,

e

C', =1.7fFpm

0.3mA/um

SL, =
" 0.5fF/lum+1.7fF/um

=0.136V/ps

C.
7,(psS)=AV(7.35+9.166xk)+AV I”“:4.41ps+2><5.5ps:15.4ps

T

What happens if FET is biased beyond peak f_in the linear | -

ion?
V_ . region: ]



CMOS inverter chain delay (V, =V, » Wp= 2W )

T, =(r g, rop)[ng(p)+Cdb(p)+ng(n>+Cdb(n)]:%r0(cgd+cdb)

—||: W —||: kW R
TZ:(EJFﬁ)B kCo+(1+g,r,)3kC,4]

_3 k+—2)[C,.+(1+ C
T 2ro( r )[ gs ( gmro) gd]
—| W —| kWn 0

R
> ro(1 +ﬁ)[Cgs+(1 +09m 1) Cyol

3 3
T:Ero(cgd-i-cdb)-i-—

Del_ay express_ion is similar to MOS-CML delay if R =r_and A
- 9.0

In real implementations, for the same g , R <<r_and CMOS
inverter A |=6..10 > 2

MOS-CML delay >3 times smaller than CMOS delay
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Bipolar and MOS cascode stages

_gm1RL
A. ~
v 1—I—S[Rb<cn1+2Cu1)+RL<Cu2+Ccsz+CL)] Zinput=Rp+ 1
npu |IC.+2C,|s
Crrz_l_ccs1—I_ZCIJ1 1
T1:Rb<cn1+2Cu1)+RL<Cu2+Ccs2+CL> 5,7~ 3 2 Nw
m T2
_gm1RL

Ay

~145[R,(C,+2C ) +R (Cyq+Cyp+C))]

CgsZ+de1+Csb2+2ng1 2

Jm> (W5
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Cascading bipolar cascode inverters

tech
k +
C +C +C R C +(1—-A C T4
T1:AV T cs W+k+Eb AV T ( ) AV AV AV
T L

A,=—1; AV=ILR; g,=

R. R, w
R,=(100..300)QumXIl(um); b _ bl £ Lprr .12...0.36V

R, AV AV
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EF/SF stage with capacitive load

13V (s) g +sC
A, (s)= i i
- R¢(C,C,+C,C,+C,C )s°+(g9,,RsC,+C +C,)s+g,
ot
R C +C,
1 T1NRSCH—|—
R, T co d.

= Two poles -> potentially unstable -> ringing

RS includes Rb

=
Ba
-

=

» If C issmall, bandwidth is limited by f.

it s Slows down with C, (loading ...) or by reducing

R
A1 f_(bias current density)
RL A CL T
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EF/SF stage: input/output impedance

Ziou=Ro+Z N[Z +(1+9,Z,)Z,]

input™

(. 1 9
! JwC +ijL_C C w? Negative resistance
m m L |

Z =R, +-

input™ ' b

RsC s+1
°tt g.+C s

looks inductive up to f_ ...
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Cascading ECL stages (Rb=0, from EF 'tp)

1

T T
_|_

skC_ sC,

“ [pkC,+pk(1+g,RC,]s

yA |

L1NskCu
(p+1)C +p(1+g,R )C,
K o
+k-1)C
NAV+p+1+ (p )

A AV £=1.5p+0.5k+1ps
a SL, W+ l; P P

Tp1~RL(CCS+Cu+kC“)+

T
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Cascading SCFL stages: from SF T

<p+1 )Cgs+Csb+p <1 +gm IQL)C:gd
Im

Tp1~RL(Cdb+ng+k ng)+

+k—-1)C. +C
p1NAV+p+1+AV(p )CyatCyy
SL, W+ -

~4ps+2p+0.375k(GaAspHEMT)

T
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Cascading SCFL Stages

Cint
Cyat . +CgSII[Csb+p(CgS+(1+AV)ng)]

T -

AV AV 1.1k AV AV (0.66...0.8)k
T >T,> T
SL, Ve wy SL, Vg W

-|—TSF
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AND - unbalanced: BIiCMOS CML

33v

f o outn = Nn-MOS current
K ' outp - tails for voltage
%:-—E b Ly headroom
g S s Cascode for
1 T i good isolation
- ) and symmetry +
T:‘"\ j ﬁ u extra tail
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D-Latch: Bipolar CML (slow)

2.5v
£ CLK
o A
K |

outp

L

outn

inp - t:
14Y 1.4V
L
inn
-

n-MOS current tails
for voltage
headroom

Inductive peaking
No EF in latch
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D-Latch: Bipolar ECL (fast: 60 GHz)

—D Q-

3.3V ? *
£ CLK
B N

CL = 3Chc + 2Ccs + k({be + CinT/_

& outp
315V I : \

—"'*4; ! § ; wn  N-MOS current tails
G E‘sﬁw %1 r for voltage

clep +— y «  headroom
; 2ma ﬁ “-?" E—ﬂm - Inductive peaking
e E,lt* Lim LH LH " Fast - EF in latch
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D-Flip-Flop:

4 B Bs = e faa fEm

—p QD Q}

......
iiiiii

=y )
- )
) =y
14V LL,V 14V L4V

bipolar CML

i BN mal G b B B B . S W

L E
il
C!E ]
:‘::::‘;—'EE:: nnnnnnnnnn
] 1»_{3?

uuuuuuuuu

lllll
lllll
lllll

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

CLK
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D-Latch: BIiCMOS CML (12 GHz)
(E. Laskin csics 2005)

2.5V 2.5V

e —




BICMOS XOR Latch

*j:h—&;l ¥
> s
T e
L h
L0

- 'CM‘A

BiCMOS -l

XOR Latch CLK
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Further Power Reduction

Same technology

Removed current source

V=18V, ., =1mA

total

Power reduced:

min. size HBT
0.75 x Jpeak-fr = I pjas

1.8V 5

—D

2.5mW — 1.8 mW
Same speed: 12 GHz CLKZ_| 4H
Simulated with T=L. \5 :Ibis _ lelias _
extracted layout parasitics W= 0_11;2::: 0.5mA  0.5mA

V. Kozlov et al, IEEE CSICS 2012
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Scaling to Next Tech. Node
90 nm SiGe BICMOS [3] .

200 mV
HBT f,: 160 — 230 GHz \,\[SM':QJ

MOS f.: 80 — 120 GHz rdd

&

Same power: 1.8 mW N

(=

f. iImprovement: x1.42

' e J-
Inductive peaking: x1.5 = l l

AV reduced: x1.3 0.5m# 0.5mA

Speed increased : 12 GHz — 30 GHz

Simulated with extracted layout parasitics
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1 MUX

4
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