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High speed digital IC design at the transistor level

ECL and CML gate designs, DC design

circuit structures for and / or / xor / latches ...
large-signal delay analysis, design for high speed
transmission line interconnects, signal distribution

power-delay relationships
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Basic Gates, Logical Description

_ A=1 A=0
And —D_ B=1 C=1 C=0

B=0 C=0 C=0

A=1 A=0

OR j > [B=1 C=1 C=1

B=0 C=1 C=0

A=1 A=0

XOR D = Cc=1 C=0
(exclusive OR) B=0 C=0 c=1
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ECL gate, circa ~1965

p R R R
- R2 R1 R3

R=400 Ohm R=400 Chm R=200 Ohm
<

N 4
Q : : Port

Port
P4 Port Port P3
Num=4 P1 p2 Num=3
4+ 1 oC Num=1 Num=2 g |_DC b _DC
SRC4 SRC1 SRC5
(§)1dc=1ma de=1ma  (§ )ldc=1 mA
- - -
|_DC
hbt_stepper_model SRC2
X1 Ide=1 mA
hbt_stepper_model A emitter=1
X5 A via=1
A_emitter=1
A_via=1 -—
hbt_stepper_model hbt_stepper_model hbt_stepper_middielstepper_model
X2 X3 X6 X4
A_emitter=1 A_emitter=1 A_emitter=1  A_emitter=1
A_via=1 A_via=1 A_via=1 A_via=1

This is an *OR/NOR gate....port 3 is high if ports 1 or 2 are high
...port 4 is the logical complement of port 3
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ECL gate, circa ~1965

= Vout
': R2 ‘: R1 .: R3
P 3 R=400 Chm s R=400 Ohm 3 R=200 Ohm -Vbe-IoR/Z
P
N Y w
O_KI kx_o Vin
Port Port -
P4 Port Port P3 Vbe
Num=4 P1 =) Num=3
1 10C Hum=1 e 1_DC I_DC
SRC4 SRC1 SRCS
G)\dcﬂ mA ldc=1 mA 4D|dc=1 mA
-Vbe-10R
- - -
T 1.0C
SRC2
X1 ()Idc:1 mA
1oL A_emitter=1
ﬁgemmeﬂ Ava=t | ‘

X2 - X3 X6 T x4 - ZkT/q+2|OReX

A_emitter=1 A_emitter=1 A_emitter=1 A_emitter=1

A_via=1 A_via=1 A_via=1 A_via=1

Emitter follower buffering of interconnect capacitance
(good ? Bad ?)
DC output swing is 400 Ohms * 1 mA= 400 mV.....IoRL in general
Minimum Input voltage swing is 2kT/g+2loRex.
Need IoRL>>(2kT/q +2loRex) for adeguate noise margin
...typically 500-600 mV output swing employed

Current sources replaced by resistors or current mirrors
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Problems with old-fashioned ECL gate

Gate is single-ended....differential ckt generally preferred
why ? (standard reasons given are not so convincing...)
one reason is 2:1 lower permissible logic swing, less power

Gate uses emitter followers on **output**....this can result in strong
transmission-line ringing....

Output impedance of emitter follower is @“\‘“’W‘ %
Zout ~1/ O, + RL(J]c / f,) - which is inductive. = =

Load on receving end is capacitive.... _g =
Line can ring strongly. I

Partial mitigation : EF biased by pull - down resistor
on receving end of line, biased at e.g. - 2 VVolts...this consumes substantial power

@J\
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Differential Gates, CML and ECL

out

o ~ :1
I PiE £

@)
=

3

Vee, buffer

ECL
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Differential CML gate, other attributes

Operates with complementary inputs and outputs
Quite low power consumption, as not many pull-down current
sources...
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Differential CML gate, DC operation.

Vout

X .

2kT/g+2IloRex

DC outputswing is AV ;. = I R,
DC linear input range is AV,, = 2kT /q+ 21 R,,
Transistor operatesatV,, =V, ., when off

Transistor operatesatV,, =V, ., — I,R,_ whenon
Need HBT with LOWV,
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Differential CML AND / NAND gate

R
‘L R4
< R=300 Ohm
p-3
Port
Port c
A Num=3
Num=1
" 1_DC J _DC
SRC1 SRC3
C) lde=1 mA _DC lde=1 mA
SRC2
Ide=1 mA
1 st moce A srper okl it stepper o' et stevoer o

2-input logic gates must be implemented using series gated current steering.
3 input gates would require cascading 2-level gates, or 3-level series current
steering. 3 level currrent steering is faster, but needs a more negative
supply. OR/NOR gate is created by taking complements of both inputs and
output.
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Differential Current-Steering Series-Gated Bipolar Logic Gates

{*?V {ﬁv

——h ]
J JJ)
3 I

A

N
N
IVYEAR
N
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HEMT Logic Gates

and depletion-mode devices ——[
slow driving long wires v
single-ended...threshold problems with low AV

Direct-coupled FET logi Sert 4: ] ’
irect-couple ogic
Need enhancement-mode _.[

Source-Coupled FET logic: * -
Need a monolithic diode level-shift

fairly high power due to source followers

Source follows needed for level-shifting F’l:!"l; £

FET equivalent of CML : 11 1
Need a monolithic diode level-shift

: DCFL FET equivalent of CML

need enhancement mode device .
would be best for fast / low-power ‘J‘ 20
Logic family plays strong role in power ™
Need diodes for SCFL | J
DCFL needs enhancement mode HEMTSs: N i

]

—
o o S
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Differential CML XOR gate

[a * [a
& 2 = &R
& R=300 Ohm & R=3000hm
< <
- o
Port c
C bar Num=3
Num=4 IJ
o ' Fort '
Port | ; Port ’ K I B_ba_r J P:ort
A B Num=6
Num=1 Num=2 A_bar
Num=5
_DC }\l “ _DC
SRC1 SRC3
() lde=1mA _DC lde=1 mA
SRC2
Ide=1 mA

the 6-transistor cell is often referred to as a Gilbert cell (originating with his
analog multipliers...). Note that the whole gate requires 3 pull down current

sources
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Differential ECL buffer / inverter

Vee, buffer

emitter followers on high "A-level" inputs result in faster gate operation and
larger VVce across switching transistors, at expense of considerably higher

current consumption. Emitter followers are usually assocaiated with gate
Inputs, not outputs.
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Differential ECL AND / NAND gate

=300 Ohm

Num=3 Port
A_bar

? Num=5

{{ _oc
SRC3
Ide=1 mA

3 =3

c Q
1}

z ¥

Same circuit structure as CML gate, except note added
emitter followers on B level inputs and added diode level
shifts on A-level inputs
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Differential ECL XOR gate

O, [ B
Port Num=2
A

o
A emitter=2
A via=1

X4
A emitter=2
A via=1

FonY

P

a4 * [
) & - ) 3
1=R=3000hm q:R=3000hm
< L
’ 4
- Part - C
C_bar Port Num=3
Num=4 3_bar
Num=6

P

h

|_DC
SRC4
ldc=1mA
-  DC |
SRC5
V Idc=1mA
I_DC & J
SRCA1
)\dc=1 mA
X10
DL steppe e A_emiter=2
X8 A via=1
model A emitter=2 it steppe del nbt_Stepper_mod bt steppe de nbt_steppe de
A via=1 X X8 X12 X11
- Alemiter=2 A emiter=2 A emitter=2 A emitter=2
Alvia=1 A via=1 A via=1 A via=1
e xg_ - =
bt_stepper_| A emiter=2
X1 A via=1

Xé:
A emitter=2
A via=1

A emiter=2
A via=1
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Driving Interconnects: EF associated with gate outputs

-

Leq:RL/Zﬂfr C
1
I:QOU'[ — (RL/IB)+ Rex +1/gm —_

This can ring quite badly, due to inductive EF output impedance and
capacitive CS input impedance.

=2C, +Cj +(l,7¢ 1AV

Iogic)
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Driving Interconnects, and basic power-delay products

JRE . I
I = 1| =
g N H_ b

OJORON OJONO

sending end termination....matched termination....
line should not (ideally) ring...actually does due to receiving
end capacitive load... logic swing is lo*Zo...with Zo of 100 Ohms typical, this

requires 2 mA drive current for 200 mV logic swing in a 100 Ohm
environment...
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Driving Interconnects Receiving end termination

Z0

=
Zo

1. T

OO O

1y §3

T
OO @

receving end termination....matched termination....
line should not (ideally) ring...actually does due to transistor capacitances ...
logic swing is lo*Zo...with Zo of 100 Ohms typical, this requires 2 mA drive
current for 200 mV logic swing in a 100 Ohm environment...
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Double line termination

E% ?Zo o« zé%o H §+§
K .

- g
OJOROL OJORO

double matched termination....ringing more strongly suppressed, use where
needed....

... logic swing is lo*Zo/2...with Zo of 100 Ohms typical, this requires 4 mA
drive current for 200 mV logic swing in a 100 Ohm environment...
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unterminated lines

RL>>Zo0

Hiww o,
I = T

' 20 F
N [ |

OJONOL OJONO

here lines are not terminated. Acceptable only when line delay is short in
comparison with risetimes of concern. A short unterminated line will act as a
capacitive load; a long unterminated line will ring. More on this in a few
slides.

... logic swing is Io*RL...current consumption greatly reduced (and smaller
HBTs used)....
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unterminated lines: delay due to wiring capacitance

RL>>Zo

Tiew n I
: { -
+___F “ €+

OJOROL OJONO

If andonlyif 7. <<T.., .., can treataslumped interconnect.
If andonlyif R. >>Z,..,thenlL,. /R <<RC,,. &canignorewiring inductance

Then:
C i _I /V VA _ W|re/ZWire

wire wire wire < wire

Charging time constant :

_K

_I:

(AV|OgIC I )
Z

= I:QLC ire — ere(R /ZW|re) Tuire

T wire

interconnect
wire
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Power Consumption in ECL and CML with singly-terminated Lines

CML Gate:

Fast

emitter followers on lower level only
(level-shifting)

Vcc - 3Vbe+300 mV <-r drop on mirror resistor
I:3IswitchedZB*AVIogic/Zo (approx.)

ECL Gate:

Adds emitter followers on upper level
Somewnhat faster

V.. =4V, ,+300 mV
I:5IswitchedZS*AVIogic/Zo (approx.)

E°CL Gate:

Double emitter followers driving both levels
helps with f/f_, higher V., for high J/C

V. = 5V, +300 mV

I:7Iswitched:7*AVIogic/Zo (approx.)

Need to use CML for low power

CML

ECL
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Power and Power-Delay Products

Device sized for 100 Q load:
(300 mV ECL logic swing)
0.25 um x 6 um emitter
Jpeak=2 mA/um”2
— peak speed at 2 mA

1| Shorter stripe length device:
0.25 um x 0.5 um emitter
x30Kk @884 25KV Tom peak speed at 250 LA bias

The smaller device consumes 12:1 less power but cannot use
terminated lines. The lines then act as capacitive parasitics,

and circuit speed is reduced due to the resuling RLCwire time
constant.
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Power-Delay Product for a “Baseline” Device
1 um by 1 um emitter

= 0.5 mA per transistor, 1.5 mA
Qqp total for gate. 3.3 V supply

— Power consumption:
Q2a Q2b -5 mW @ FO=2

Power-delay product

;I E (assuming 5 ps delay):

25 f] @ FO=2
/

Wiring capacitance ignored

P~3¢(3.3V)¢ (510" Alcm®)+(1 um)° =5 mwW
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Power-Delay Product for Scaled Device

= Design rules reduced to 0.1 um
0., R, RLle assume gate delay still - 4 ps
_ 0.1 pum by 0.1 um emitter
Q2a Q2p 5 microamps per transistor
Power consumption:
l:l EI -50 yW @ FO=2
Power-delay product:
/ 0.21f)J @ FO=2
Wiring capacitance ignored
P~3¢(3.3V)*(5+10* Alcm®)+ (0.1 um)’ =50 uW
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Low-power gates have large delay from wiring capacitance

RL>>Zo

RL>>Zo0

OO Oy OO0

_ . logic
z-interconnect - RLCWire/ ere(R /Zzwwe) ere 2| Z
0“wire
_ . AVlogic
z-gate Tinterconnect + T transistor terms —  wire 21 7 transistor terms
0“—wire
Pae =Ve NIy, Where N is the number of current sources per gate
P_.=V_NI AViogie V_NI
Z-gate gate o % wire T Ve N T ransistor terms
0“wire
_ NVee (AVIogic) [ e

+Vee N I oz-transistor terms

2
As transistors are scaled, becomessmaller,and power - delay
product becomes interconnect - limited

wire
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Minimum allowable logic voltage swing

NVee (Avlogic) T

— wire
gate' gate 2

T +Vee N I oTtransistor terms

wire

Interconnect - limited delay becomessmalleras AV, .. is made smaller.

What are the limits to reducing AV, .. ?

logic

logic

Vout

X .

|
2kT/g+2IloRex

v

Linear input voltage range is 2kT /q+ I ,R,,

AV, . must be several times this.

logic
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Minimum Logic Voltage Swing

The linear input voltage range of the gate is
AV, ... =2KT /q+2I_ R
We need margin against signal degradation due to

signal ringing (interconnects, circuit - level a2)

gate - gate interference due to supply or ground coupling
This safety margin is called " noise" margin

linear ex

has **absolutely ** nothing to do with thermal noise /4kTRAf
should instead be called"EMI + ringing" margin

In order to have adequate "'noise" margin we need
AV, . ~>3*AV, ... =6kT /q+6l R, ~150mV +61 R,

logic linear
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Vout Vout(t)

Y
Y

Vin(t)

\ \AV S 3XAV

logic linear
AV, ... =2kT /q+21 R,

=6kT /q+6I R,

linear
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A Vout A Vout

>Vin time

time

To tolerate ringing and EMI,
AV, ..must be several times

logic

\\ vin larger than AV

linear
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Circuits become interconnect limited

NVee (AVIogic) T

— wire
z-gate Pgate T 2 +Vee NI oT

transistor terms
wire

Interconnect limits: as transistors are scaled,
wiring capacitance dominates

Poweredelay becomes dependent only on supply voltage & logic voltage
swing
Independent of design rules, independent of transistor bandwidth

interconnect
-limited

device
] Simited

power-delay product

mask design rules
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Power-delay product in interconnect limit

P_T. . =(1/2)C, V. AV

gate " prop wire " cc logic
bipolar logic (static power)
I:)gate/ 1:clock — (1/2X:wirevccAV

logic

CMOS logic (dynamic power)

(Tpmp f oo )‘1 ~ number gates between latches

For fast, low-power logic: reduce V. AV,
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The Interconnect Limit and Logic Gate Design

JT_ A\/ _ R _ |2 RL _ AVlogic
o R Qi 2kT/ql, 2kT/q 2kT/q
L
i Voltage Gain must be >> 1
Qza Q2p So: Avloglc =10<(kT /q)
ooIo
BUt: PgateTgate (1/2)\/ AV|09|CCWW9

Pate Toaee > (1/2)(1.5 VoIt) (10 <KT /q)C

wire

(poweredelay) is constrained by interconnects
a fast transistor doesn't result in a fast IC

conclusion: a better circuit design is needed
Similar derivation for CMOS (Meindl, Proc IEEE, 1995)
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Wiring capacitance ? What if we use terminated
transmission lines ? (which we often do...)

Z, Zo% %Zo

AV o5ic = 1,2, >about 5*KT /g =

I:)gate :Veelo :VeeAVIogic /Zo 4'i‘_57
T =T +T

delay gate wire lo
Twire = IWire /VWire V
I:)gatereIay — Tgate (VeeAVIogic /Zo) +Twire (VeeAVIogic /Zo)
F)gate-l-delay > Twire (VeeAVIogic /Zo) :VeeAVIogic (Iwire /Vwirezo) :VeeAVIogichire

S0, even though “wiring capacitance” is no longer an accurate
description, CV AV, Is still an accurate expression for the
power-delay limit
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ECL Latch

- -— D
R4

& R=3000hm
2

When clock is high, output = input.

When clock is low, output = input at just before clock
changed from high to low

Note the positive feedback pair which holds the output level
when clock _bar is high
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Master-Slave Latch

4o

C 10 °I
> |c —

ot — 1

Cascading a pair of latches creates a circuit which

reads the data input D, and outputs it as the value Q,

Only on a falling edge of clock....output is otherwise held
constant.... MS latch is used as timing control element...output
IS a version of the input, but sampled only at falling edge of clock
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Master-Slave Latch timing diagram

clock

master

master

slave ol

N~ N~ N~ N~
) o & &
i ke je] °
E_a:: Eg Eg Eg
RS RS &G 3G
=~ iy = iy
Y S <5 S O S <O
S s S S S S S S
o2 o2 o2 o2
S 0 S0 S » S o
c\um c\um c\um c\um
» & » & » S » S

O O

time

L®)
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What are latches and MS latches used for ?

timing control

In logic system, prop delays will be function of transititon & critical path.

timing errors/fluctuations will accumulate...role of latch is to suppress this,
restore timing.

decision element.

In ADCs and in communcations receveviers, must decide whether
a signal exceeds / does not exceed a critical threshold

at a particular set of points in time defined by a clock signal.
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E2CL M/S Latch

Buffer | Qutput

i T3 T 0T
1y P
o L L [
Data
o r'_ri— I-[;_'_r. -l
o] o
st ¢ ¢ l ;E :
VEgp=-5V

le Data Input -sje Master e Slave -»|

Popular in Si/SiGe due to (1) H,,? current gain and
(2) larger Vce across switching transistors helps Ccb/I ratio
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ECL M/S Latch connected as 2:1 static frequency divider

=
I
= O
data output
|y Cetaoutp
i
I,_p-"
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Fast ECL 2:1 static frequency divider

keep-alive bias

currents
clock clnck®/

Inductive load ﬁl\;
l = )

T \
jl AT B ANy
=4

transmission-line bus
short signal path ‘

CD emitter-follower
damping
clock clock
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Logic Propagation delay analysis: start with one-level CML gate

Figure 4.1: a} Basic CML gate. b) HBET without parasitics. ¢ CML
equivalent cireuit used for caleulating propagation delay.

First, basic assumptions: 2:1 fan-out, chain of identical gates
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Basic Assumptions for Propagation delay analysis

igure . e. b} HBET without parasitics. ¢) CML
equivalent cireuit used for caleulating propagation delay.

Transistor Is nonlinear, how do we solve ?

Small-signal analysis:C,. =dQ/dV, g, =dl /dV etc.
Large-signal analysis:C,. = AQ/AV, g, =Al/AV etc.
where AV Is the logic swing.
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Basic Assumptions for Propagation delay analysis

Large-signal analysis:C,. = AQ/AV, g, =Al/AV etc.
This implies:
g,=Al/AV =111 R =1/R <<ql, /KT

Cre gifiusion = AQ/AV =1 7. [AV =7, R <<l 7. (KT /0Q)=0,7;
A\/ = AVout /Avin =-1

Vbe,on
CJ'e,large—signal — AQ/AV — (L AV Cje (V)dV)/AV — Cje,eff

Cebrarge—signas = AQ/AV =(C,AV)/AV =C,

Note that large signal operation greatly reduces the effective
values of gm and the diffusion capacitance...by roughly a
factor of 10. Logic speed is much more controlled by deplection
capacitances than it is by HBT base and collector stored charge
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Why isn't base+collector transit time so important ?

Diffusion capacitance :
&Dbase = (Tb + Tc)é]C
dl
— (Tb +TC)T;6Vbe
I
V., A V 1(f) :(Tb+TC)Cé\/
out out kT /q be
/ ...active only over KT / g voltage swing.
Vin) t) Under Large - Signal Operation :
AQbase = (Tb +TC)IC
(7p, +7:) |
= AV AV ocic
A LOGIC
t W Large - signal diffusi i
diffusion ge - signal diffusion capacitance
+ depletion reduced by ratio of
V(0 capacitance AV
N only depletion (ﬂj whichis~10:1
capacitance KT /q

Depletion capacitances present over full voltage swing, no large-signal reduction
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Gate Propagation delay analysis

We now solve for gate delay

Method : replace transistors with their * large - signal* models
Circuit has transfer function of

V

out

In

V

out

V.

In

1+bs+b,s* +...

2
e L+ S+8,5" + .

It is elementary math to show that the * mean delay * of the
transfer function is (a, —b, ), hence 1/2 the mean delay (delay
to the 50% switching points)is T .. = (a, —b,)/2

Find a, by the method of time constants

Findb, =

Zcbe/gm -

emitter followers

Z ch / g m,large—signal

common-emitter stages
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Gate Propagation delay analysis

Note that although the methods appear to be quite different,
MOTC delay analysison the linearized (large - signal) circuit,
Is identical to delay analysis by the charge - control method,

1 Vhlgh

e.g. Tgate——ZAQ 1ZAI [cwav

Vlow

In both cases it is Important to note that 2nd - order effects a,
In the circuit transfer function are neglected. This means,
specifically, that emitter - follower ringing is neglected, which
IS a serious limitation
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One-level CML Propagation delay analysis

Taking T,
(1—exp(—t /7)) charging behaviour. To the level of
accuracy of the assumptions used, we have instead
assumed linear node charging with time, which gives

T, =7/2,€.9.(1/2) the mean delay

= 7In(2) Is equivalent to assuming
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One-level CML Propagation delay analysis: fan-outs

>
e

Here we are analyzing a gate chain with a fan-out of 2:1

Ccbx RL
RL

I / [ X N J

I\ Ccbi

2
hL

T~

T~

T~

Hi-
3
2 B
w4

T~

g
P
TN
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Simplifying treatment of fan-outs

| (

Ccbx 2*RL Ccbx § RL
¥ § |

I\ | Ceb I\ | Cobi
I\ I\
Rbe p— Rbe [
C-be C-be

R, 1sreplaced by 2R, by symmetry arguments.
In order to count each parasitic capacitance ONCE per gate,
we must consider only capacitors in the highlighted area
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Gate Delay Calculation g

Ccbx N*RL Ccbx RL
I l . § I / - [ N N ]
I\ 1/ Ccbi I\ 1 Ccbi
I\ I\
L ann Ifl AMA Ifl
Rbe j— Rbe pom—
C-be C-

& =Cp (Ry, + NR ) +Cy, [(NRL +Rp)A-A)+ RL]+CCbX[NRL 1-A)+ RL]

I on I\IAVIogic I\IAVIogic AVlogic
a,=|Cp+ R, + +C..i|| Ry + (1+1)+
AVlogic Io Io Io
I\IAVIogic AVlogic
+C,, | (1+1)+ |

NAV

logic

a, =C Ry, +C;,

|7, AV,ogiC
+Nz, +R, —— W + (2N +1)[CCbX +C.. +C_..i Ry,

0 logic I

bl — _(chx + chi )/ On = _(chx + CCbI)(AV|0gIC )
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Gate Delay Calculation: Single-level CML gate at N:1 fanout

2T e = C iRy +Ci Ry + N7

Ion

bb AV

logic

gate

+ R

0] o

AVlogic |\IAVIogic
+(2N + 2)[chx +Coyi ] +Che

Note that the C, (AV,y,/l,)and C;, (AV,./1,) terms usually dominate.

This strongly favors the use of small logic swings and high current density

logic
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Effect of Current Density

2T = CjeRbb +C,.R,, + Nz,

gate
NAV, .
+R, ——— AT, +(2N +2) P | Do +C, logic
AVloglc Ae‘] Ae‘]o
2Tgate = C' eRpp + chi Ry, + N7

+(RbbAe)

L+ (2N +2) A { 'Og'c}+ £ NAV, .
Vloglc Ae T ‘J
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Effect of Logic Voltage Swing

2T e =C Ry, + CouiRyy + N7 + Ry (1,7 /AV 4 )

+(2N +2)[Cop +Co JAViye /15 )+ NC (A, e /1)
Note that the linear input voltage range of the gate Is
AV, ... =2KT 1q+21 R,
Recall than we need
AV, .. ~>3*AV, . =6kT /q+6I R, ~150mV +61 R,

Logic voltage swing should be as small as possible, consistent
with this limit...the Rbb(lorf /AV,OgiC)term usually being

gate

logic linear

nondominant.
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Effect of Logic Voltage Swing

2T e = CoRyp + CesiRep + N7p + Ry (1,7 /AV 041 )

(2N +2)[Cop +Cop JAViye /1, )+ NC  (AV,e /1)
But
AV, ~> 3% AV, =6KT /q+61,R, ~150mV +6I R,

Note that C,, (AVioge /15 )= (/T XA /A NAV gy /3¢

Note that I,R, = J./(R,. /A )

If we push up current density, we do reduce Ccb charging
time, but we must reduce the emitter resistance per unit area.
Otherwise, the voltage swing must increase, and no benefit

IS obtained
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Scaling Laws, Collector Current Density, C_, charging time

Collector Field Collapse (Kirk Effect)

7”””; ______ base ?
8 emitter )\ 2
\_\_/Ti e Vcb +¢ > +(‘] /Vsat _qu)(Tc /2‘9)
\ sub
collector

(&) .
emitter

ap§|

collector

il

sub
collector

collector

l/

N——

Collector Depletion Layer Collapse
+¢>+(gN, (T / 2¢)

cb min

= J__ =2« (V, +V +2¢) T/

sat cb,min

Note thatV,, = ¢, hence (V,, + @) =

AV otector || T
CooAVioeic /e = (gAcoIIector/Tc )(AVLOGIC/IC): ( v LAC n j( 2VC j
sat

VCE +VCE,min) Aemitter

Collector capacitance charging time is reduced
by thinning the collector while increasing current
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ECL Propagation delay: upper-level circuit

Ccbx —_

N*RL [ {
§ I\ 1 Cchi cebx RE §
I \ I ( [ N ]
I/ T Cchi
/\/\/\' J_ l\ A
T b
A AMA——
Cbe Rex Rbb
> Ree /_l: =

again assume a fan-out of N:1
Simplify by assuming beta>>1, Ree>>Re.

A
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ECL Propagation delay: upper-level circuit

Ccbx —_
N*RL [ {

§ I\ 1 Cchi cebx RE §
I\ [ N )

I {

I\
vw——_{ &
Rbb I/

T AMA AMA
Chbe Rex % Rbb J_ |
Ree /_l: I

Next key point:

Depending upon the details of the IC design, the emitter-
followers may or may not switch.

For now, let us assuem they do not.

We consequently use small-signal quantities

for the EFs, and large-signal quantities for the CS transistors.
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Ccbx —_

N*RL 1

I\ [( Cobi cechx Rb §

I\ | ( coe
I\ | Cebi
—VW——" I\/7 1€
Rbb
T 1w AL |fl
Cbe Rex % Ree Rbb /_l: L
Che

8, ~ CpqNR, +Cpr (NR, +Ryy) +(C oy + Gl /KT)(KT /)
+Copal(Roe KT 71)A+1) + AV, /1, ]
+Copio| (Roq +KT /1, +Ryp)A+D) + AV, /1, ]
#[C s+ (21, AV [Row + KT 1l + Ry, ]
— (Cja+7:qley /KT)(KT /011) = (Ceper + Conia)(AViogic / 1)
gae = & — 0 = C oy NR| +C it (NR| + Ryp) +(Cpiz + Cin AV i 1 1)
+Cpol2(Ro +KT 101 ) + AV, /1]
+Copio|2(Roq +KT /1, +Rypy) + AV, /1, |
#[C s+ (21, AV [Rou + KT 1l + Ry, ]

2T
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Ccbx —_

N*RL "

I\ [( Cobi cechx Rb §

I\ | ( coe
I\ | Cebi
LA J_If7 [
Rbb -
AW A |fl
b Rbb
Chbe Rex % Ree /_l: L

WritingC_, =C_, +C,; : )
2Tgate = 2Rbb2ch|2 +C, Ry +C Je2Rbb2

+2C 5 [Re + KT /11 |+ C o[ Ry + KT 7l |+ (7 1, / AV, JKT /1)
+(z¢ 1, /Avlogic)(Rexl +Ryp,)

+CiN(AV g5 [ 16) +2C 5 (AV i 1 1)

Note that the net delay is a little smaller than CML due to

1) Reduced number of R, C_, charging terms
2) *slight* improvement due to buffing C,, i, =71,/ AV

exl

logic

logic

3) LargerV_, permitsincreased J, hence improved | /C_, ratio
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Do the emitter-followers switch ??77?7?

C . =2C,+C,

+/I olt / AVlogic)

— Cin

Vin Ief
>
time

I, N [ Al =C AV, | AT

—_— — Ie

Al =C AV, [ AT ] f
>
time
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Do the emitter-followers switch ??77?7?

There are 2 dangers. First, on a rising pulse, the peak EF current is
Ief,peak = Ief +AI — Ief +CLAVIogic /AT
We must ensure that this peak current is below Kirk - effect limits.

Second, on a falling pulse, the minimum EF current is zero:
It min =0=14 —Al =1 —C AV, ;. [AT

From which

AT i =CLAV i [

This isslew - rate - limited discharging of C, .
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CML Propagation delay: two-level circuit

ad * ad
< R2 - <& R4
& R=300 Ohm & R=3000hm
1. 1’

- o
Port c
C bar Num=3
Num=4
< >—| - I o ] O
Port Port ’ B_har Port
A B Num=6 @
Num=1 Num=2 A_bar
Num=5
_DC }\l “ _DC
SRC1 SRC3
() Ide=1mA _bC lde=1 mA
SRC2
Ide=1 mA
-
hit_stepper_model hit_stepper_model hbt_stepper_mod hit_stepper_model hit_stepper_model
. Pper_t v Pper_t . Pper_ 5 Pper_t e Pper_t hit_stepper_model
A_emitter=2 A_emitter=2 A_emitter=2 A_emitter=2 A_smitter=2 ;(\6 itter=2
A_via=1 A_via=1 A_via=1 A_via=1 A_via=1 emitier=
A_via=1
hit_stepper_model
X3
hbt_stepper_model A_emitter=2
X1 A_via=1
A _emitter=2
A via=1
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Ccbx

: )\
NRL 4 %I_ Cchi éNRL
-’\FX?\'——I:% ?
[
NRL \ | | _l\
A % Cchi )I -
Ccbx )
. Ccbx %I_ Cchi
_/\/v\,_ o1 Rex Rbb | :Qz :'g\"
H LT

Cbe

Ree

The logic voltage swing on the collector of Q2is also *approximately*
AV,yqic- Justification of this is a long and somewhat messy discussion.

Note that on the B level switching path that Q1lis an EF,
Q2is CE, and Q3is CB. If the base of Q3is high and
Q4 is low, then Q4 remains off and simply loads the collector of Q3inC,,,
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Ccbx

)\
/1 .
NRL % I_ Cchi éNRL
Rbb N
NG

| H

Cbe

NRL \ |
/1 . \l
Ccbx Cebi /1 _
é . % Cebx %I_ Cchi
_/\/v\,_ o1 Rex Rbb | :Qz :'g\"
H s L ®

Cbe

Ree

Also simplify the answer for clarity by assiming that g >>1, & that the
EF voltage gain is very close to1. Note that Q3 operatesin CB mode...
please refer back to earlier notes to review a, terms for CB stages.
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Ccbx

)\
/1 .
NRL % I_ Cchi éNRL
Rbb N
NG

| H

Cbe

NRL \ |
/1 . \l
Ccbx Cebi /1 _
é . % Cebx %I_ Cchi
_/\/v\,_ o1 Rex Rbb | :Qz :'g\"
H s L ®

Cbe

Ree

2Tgate — N (Avloglc / IO)chl + Rbchbil + ch2 |_2(Rex1 +1/ gml) + (Avlogic / IO)J
+ch|22Rbb2 + (Cje2 + IOTf /AV (Rbbz + Rexl +1/ gml)
T [CjeB Je4 + (IOTf /Avloglc)](AVIogic / IO)
+ (N +1)(AV i / 15)Cops + RypsCopis

Iogic)

logic
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ECL Propagation delay: two-level circuit

(sl '&

[ * [
& R2 - ‘pRa’l
& R=3000hm & R=3000hm
< >
4
Part
Q_bar
Num=4
F 3
Port
D_bar
Num=6
Fort
clack_bar
Num=5
I_DC
SRC6
Ide=1mA
-

SRCA

= L DC nbt_s
hbt (>Idc—1 ma nbt \ S_RC2 X
Xz - X10 ldc=1 A emitter=2
A_emiter=2 DL nod A_emitter=2 - o L Avias=1
= A emiter=2 oL ae bt ode
A via=1 . AV X13 X14
A _emiter=2 D A via=1 b
A via=1 X7 X8 A emiter=2 A emitter=2
- A emitter=2 A emitter=2 A via=1 A via=1
A via=1 A via=1
A emiter=2 101 _mode! A emiter=2
A via=1 X1 A via=1
A emiter=2
A via=1

I_DbC
SRC3

ldc=1mA

X6
, emitter=2
A via=1

Xa
A emitter=2
A via=1
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Logic Speed

Cie | Cobe | Covi | TS /AVE

AV 1 6 6 1
KT /qJ 0.5 1 1 0.5
pe | -0.25 1 0.5 ] 0.5 0.5

b 0.5 ) 1 0.5

Approximate delay coefficients a; for an ECL master -slave flip - flop, found
by hand analysis. Gate delay is of theformT__ =1/2f

f. .. 1S the maximum clock frequency. The minimum logic voltage swing
IS AV ogc > 6(kT /q+ Jpex)

=Ya.l.c., where

gate clock,max ijri~je

Caveat: ignores interconnect capacitance and delay, which is very significant Y‘g:g ffjltlzf;
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Logic Speed: definition of terms

C;, - emitter base depletion capacitance per unit emitter area

C.,; . Intrinsic collector base capacitance per unit emitter area
C.,, . extrinsic collector base capacitance per unit emitter area
7. : sum of base and collector transit times

J : emitter current per unit emitter area

AV, qcic - logic voltage swing

I, . base resistance times emitter area (e.g."'per-area" R, )
Do, . emitter resistance times emitter area (e.g."per -area" R, )
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What HB~

- parameters determine logic speed ?

Sorting Delays by capacitances:

44% charging C

je!

Cje Ccbx Ccbi (tb+tc) (/AV)  |total
AV/ | 33.5% 6.7% 27.8% 68.4%
AV/ | 12.3% 12.3%
(KT/q) | 1.4% 0.1% 0.4% 0.5% 2.5%
Rex -1.3% 0.1% 0.3% 0.9% 0.1%
Rbb 10.2% 2.8% 3.7% 16.7%
total 43.8% 6.8% 31.3% 17.5% 100.0%
38%

Sorting Delays by resistances and transit times :

68% from AV

logic

/1,.,12% from (7, +7.),17% from R,

38% charging C_,, only18% charging C . (e.g9.z, +7,)

R, has very strong indirect effect, as AV, . > 6 (kT /q+I.R,,)

Caveats:

assumes a specific UCSB InP HBT (0.7 um emitter, 1.2 um collector 2kA thick, 400 A base, 1.5E5 A/cm”2)

ignores interconnect capacitance and delay, which is very significant
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