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Delay Components of a Current Mode Logic
Circuit and Their Current Dependency
Yutaka Harada

Absmcf-The delay of a CML circuit can be described in terms
of the delay elements of a bipolar transistor such as junction
capacitors CBC,CBE,CCS and a cutoff frequency fT. A new
analysis method is proposed to calculate a CML delay. The
nonlinear conductance of a bipolar transistor is approximated by
a piecewise h e a r function. A resistor network is then picked up
from the CML equivalent circuit to characterize the dc operation.
This resistor network and the delay elements determine the CML
delay. Subcircuits containing the resistor network and one or two
of the delay elements of CBC,CBE,CCS,and fT are separately
analyzed to clarify the delay components. The total CML delay
is estimated from a linear s u m of the delay components for a
step input response. Current dependency of the CML delay is
also discussed.
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UE TO their high-speed switching properties, current
mode logic (CML) and emitter coupled logic (ECL)
have been employed for high-speed mainframe computers.
Much effort has been made to improve CML and ECL circuit
performance. To develop these circuits further, CML delay
estimation is a key issue. For CML and ECL circuit design, it is
very important to clarify the delay components with respect to
each delay element of a bipolar transistor because these delay
components are not always improved by device design at the
same time. Only by knowing the separate contribution of each
delay element can device design be optimized. Many CML
delay estimation schemes have been proposed and used for
circuit design [ 11-[8]. However these estimation methods are
not sufficient enough to obtain an accurate delay because their
models for a current switch do not reflect an actual operation.
This article intends to describe the actual switching mechanism of the current switch. For this purpose we propose a new
analysis method. Firstly, a simple transistor model is built that
includes a resistor, a diode, parasitic junction capacitors and
frequency dependent current sources. Next, diodes are replaced
by resistors whose approximated conductance values are determined by the transfer characteristic of the current switch.
We then pick up the resistor network from the CML equivalent
circuit. This resistor network specifies the dc characteristics.
It is assumed that the CML delay is a function of the resistor
and
network and delay elements such as CBC,CBE,CCS,
f ~ Because
.
a bipolar transistor pair of the current switch
consists of eight parasitic delay elements finding the exact
solution involves solving an 8th-order differential equation. To
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Fig. 1. A simplified transistor model based on the Ebers-Moll model. The
current gain is assumed to be infinite.

make the problem easier and to clarify the contribution of each
delay element, we focus on subcircuits containing the resistor
network and a subset of the delay elements. Choosing a subset
containing the same kind of delay elements, the subcircuit
shows the contribution from this kind of delay element. If two
transistors of the transistor pair are identical, this subcircuit
is expressed by a first-order differential equation that can
be solved easily. Each delay component is obtained from
a subcircuit analysis. We also discuss the relation between
the total CML delay and the delay components. The total
CML delay is estimated from the linear sum of the delay
components for a step input response. As an application of
this analysis, we also discuss the current dependency of the
CML delay.
11. TRANSISTOR MODELAND TRANSFER
CHARACTERISTICS OF THE CML CIRCUIT
A. Transistor Model

The transistor model is shown in Fig. 1. This transistor
model is based on the Ebers-Moll model that is composed of a
resistor, a diode, junction capacitors and frequency dependent
current sources. An equivalent junction capacitor defined by

Manuscript received January 5, 1993; revised, July 5, 1994.
The author is with the Department of Electrical Engineering, Faculty of
Engineering, Kokushikan University, Tokyo 154, Japan.
IEEE Log Number 9407478.
0018-9200/95$04.00 0 1995 IEEE

--

55

HARADA: DELAY COMPONENTS OF A CUURENT MODE LOGIC CIRCUIT

I

--

I;wi
Case(b)

I0%

0

\ase(a)

v,

-

v,

CO)
Fig. 3. The resistor network of the CML circuit and its transfer characteristics. (a) The resistor network. (b) The transfer curve and its two piecewise
linear approximations.
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Fig. 2. The CML circuit model. Transistors are replace by a simplified
transistor model shown in Fig. 1. Operation of this circuit is described by
an eight-order differential equation.

is employed for the junction capacitor CCB,CBE,CCSwhere
VI, VZare the maximum and minimum voltages applied to the
junction capacitor. Generally, current gain P is given by
PO

P=

W
-

l+j-

WT

characteristic is given by

where I , is the diode saturation current, q is the electron
charge, IC is Boltzman's constant and V is an applied voltage.
For the current switch, the switching current is given by a
Fermi-function (6).

Jfi

where is Po is dc current gain and WT is the cut off angular
frequency (transition frequency) of a bipolar transistor. We
assume that Po is infinite, then P is given by

p = . Lw .

(3)

3-

WT

We employ a transition time TN instead of W T , where T N is
defined as 1 / w T . Consequently, the current gain is given by

where s is a Laplace operator. According to the above discussion, the transistor model is schematically built as shown
in Fig. 1.

B. CML Circuit Conjguration and Its Transfer Characteristics
The CML circuit and its equivalent circuit with the transistor
model described above is shown in Fig. 2. Here, CL^, CLZare
load capacitors connected to output terminals. Let us discuss
the nonlinear diode switching operation. The nonlinear diode

To simplify this circuit, we replace diodes by resistors. The
I - V characteristic of the diode is approximated by a
piecewise linear curve as follow:

ID = g e V D + I o : I D 2 0

I D = 0: Otherwise.

(7)

The approximated diode conductance value g e is determined
by the transfer characteristics of the current switch. To investigate the dc switching characteristics, we pick up and analyze
the resistor network from the CML equivalent circuit as shown
in Fig. 3(a). With the piecewise linear approximation, the
transfer characteristic is written as
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where V,, V, are the input voltage and the reference voltage
minus the voltage drop across the base resistors and ICS
is
the source current for the current switch. We define a transfer
conductance gcs as follows:
1
Scs = -Se.
(9)
2
Equation (8) shows a transfer curve with the linearized diode
characteristic.
Comparing (8) with (6), as shown in Fig. 3(b), we investigate the following two cases to determine the transfer
conductance gcs.
(a) The gradient of the approximated transfer curve equals
the differential coefficient at the center of the transfer curve.
(b) The gradient of the approximated transfer curve equals
that of the line which pass through the 10% and 90% points
on the Fermi-function.
The conductance value is calculated to be gcs = 1/4 .
qlcs/kT for the case (a) and gcs = 0.4/ln9 . qlcs/kT for
the case (b) in Fig. 3(b). Circuit simulation tells us that the case
(b) seems to be a better approximation than case (a). However
we have not compared these approximation results enough to
make any conclusion. Further investigation will be required.
111. DELAYANALYSIS AND DELAYCOMPONENT
A. Analysis Method

The complete configuration of the CML equivalent circuit
is shown in Fig. 2. The transient operation of this circuit
is described by an 8th-order differential equation since the
network consists of eight delay elements. In general, an exact
solution of an 8th-order differential equation is not given
by a simple equation form. Our concern is not with the
exact solution for the transient operation but with the delay
component for each delay element. For this purpose, the
exact solution is not required. We devise a new method to
calculate the delay component focusing on the resistor network
with each delay element. Fig. 4 shows the new method to
calculate the delay for a high-order linear differential system.
Generally, a switching circuit is built with a resistor network
and capacitors. The order of the differential equation equals
the number of capacitors. The switching circuit is reduced
into a set of subcircuits which are combinations of the resistor
network and subsets of the delay elements. Each capacitor is
distributed to exactly one of the subcircuits. The number of
the capacitors in the subcircuit is chosen to be no more than
two so that the switching operation can be written in a simple
form. The current switch of the CML circuit consists of a
transistor pair, which suggests to us to choose the same kind
of capacitors from the transistor pair for the capacitor subset.
Especially, if both transistors of the transistor pair have the
same device parameters, each subcircuit is described by a firstorder differential equation. On this basis, we separately analyze
subcircuits for each delay element of CBC,CBE,Ccs, and f ~
Delay components are calculated with each subcircuit.
Next, we discuss the delay composition. Stating the conclusion first, the total delay for a step response is estimated
by summing up delay components. Elmore’s delay model

Original Circuit

Delay Composition
Fig. 4. A new method to calculate delay for a high-order linear differential
system. A switching circuit is separately analyzed with combinations of the
resistor network and subsets of the delay elements.

supports this conclusion [9]. Generally, a transfer function of
the circuit network is expressed by a rational algebraic function

F(s)=

+ + a1s2 + . . . + a,sm
+ + b1s2 + + bnSn

1 a1s
1 bls

(10)

* * *

where a; and bi are arbitrary real constants and m and n
are positive integers. Elmore’s theory indicates that a circuit
delay t d is approximated by

where a1 and bl are the coefficients of s in the rational
algebraic function. These coefficients for the CML circuit are
expressed as follow:

+ TaEBCEB + TaCScCS + A a F T N
bl = rbCBCCB + TbEBCEB + TbCSCCS + AbFTN

a1

= TaCBCCB

(12)

where TaCB, TaEB, TaCS, X a F and TbCB, TbEB, rbCS, A b F are
real coefficients of the delay element of CBC,CBE,CCS,and
f ~ It
. indicates that the coefficients a1 and bl are written by a linear combination of the delay element values
CBC,CBE,CCS,and f~ and resistance values of the resistor
network. For the calculation of each delay component, we set
all except one of the delay element of CBC,CBE,CCS,and
f~ to zero for each subcircuit. It shows that a combination
.circuit with the resistor network and the delay element pair
corresponds to only one of the product terms in a1 and b l .
Consequently, a1 and bl for the total delay are expressed by
summing up delay components for the subcircuits described
above.
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Fig. 5. The equivalent circuit for the delay component analysis of the cutoff
phenomenon.

In this paper, the input pulse V , is assumed to be a step
function. The input amplitude VAis given by VA= Ics/gcs
to fit into the approximated transfer curve shown in Fig. 3. The
low-level VL and high-level VHof the input are VBB- v A / 2
and VBB v A / 2 respectively. The input
is expressed by

Fig. 6. The equivalent circuit for the delay component analysis of the
base-collector junction capacitor.

This indicates that the sum of the two diode currents is constant
value Ics. With the transfer characteristics of the current
switch in (6), the diode current I o 1 is given by

K - T B B T N ~-I D ~

+

+

V, =

T B B T N ( S I-D ~
VBB ~ V A

+
S

The solution of (15) and (16) is given by
with the initial condition of VBB- v A / 2 .

B. Delay Components
71

1 ) Cutoff Frequency f ~ The
: cutoff phenomenon is characterized by the transition time T N .Conventional analysis [5]
tells us that the base response is written by 7 1 = ( T N / R ~ ) T B B .
However it is very hard to find a relationship between the
cutoff phenomenon of the transistor and the collector resistance
from the view point of the CML circuit operation. The
equivalent circuit that describes the cutoff phenomenon is
shown in Fig. 5. The input voltage abruptly jumps from
V B B - v A / 2 to VBB v A / 2 at t = 0. The initial conditions
for the diode current 1 ~ 1 , 1 0 2are 0 and ICSrespectively. The
diode currents ID^, I D 2 in a Laplace transform are given by

+

Io1

+ T N S I D-k~102 + T

Then we get (15).

N ( ~- D
Its)
~=

*.
S

= 2gCSTNTBB.

(18)

2) Base-Collector Junction Capacitance CBC:Fig. 6 shows
the resistor network with the base-collector junction capacitance pair. Charges Q 1 + & I O and Q2 Q20 are stored charges
at junction capacitors with the initial condition of Q l 0 and
Q20. The transient operation is expressed in the form shown
in (19) at the bottom of the page. With the initial condition,
(19) is rewritten as

+

(14)
The solution for I o 1 is given by (21), shown at the bottom
of the next page, and (22).
72

= (1

+ 2gCSRC)TBBCBC + R C C B C .

(22)
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Fig. 7. The equivalent circuit for the delay component analysis of the
base-emitter junction capacitor.

Fig. 8. The equivalent circuit for the delay component analysis of the
collector-substrate junction capacitor.

Focusing on the time constant 72, the first term of (22)
indicates that the input capacitor value through the base
resistor TBB is (1 2 g c s R c ) C ~ c .Because the gain of
the current switch is estimated to be -2gcsRc, this term
suggests the Miller effect. Conventional analysis tells us that
the equivalent base-collector capacitance with the Miller effect
is 2 c B C because the gain of the logic circuit as a digital circuit
is -1 [53. However, our analysis notices that a logic circuit
should be discussed as an analog circuit for the Miller effect.
The Miller effect contribution for the CML delay is more
significant than that of the conventional analysis.
3) Base-Emitter Junction Capacitance CBE: Fig. 7 shows
the resistor network with the base-emitter junction capacitance
CBE. The transient response for the input pulse
is written as

4) Collector-Substrate Junction Capacitance CCSand Load
Capacitance CL: Fig. 8 shows the resistor network with the
collector-substrate junction capacitance CCS and the load
capacitance CL. The transient response for the step pulse is
written as

+

Then we get (25) from (24).

C. Delay Composition for a Step Response
Four delay components for CBC,CBE,CCS,
and fT, especially their time constant values, have been investigated.
Defining the delay time as the time elapsed between when the
step function is applied to the circuit and when the response
has reached 50% of its final value, the delay components
written in term of the time constants are
= 0.771

td2

= 0.772

td3

= 0.773

td4

= 0.774

(30)

for the delay components of CBC,CBE,CCS,and fT,respectively. Where the coefficient 0.7 indicates approximated value
of log, 2. The total delay t d is given by
td

The solution of (23) (25) is given by

tdl

=tdl

+ + +
td2

td3

td4.

(31)

The delay times given by (30) and (31) are compared with
SPICE simulation results for several cases. Delay time calculated by (31) depends on the transfer conductance value. We
have shown the transfer conductance gcs by two cases in 2.2.
We have observed that the conductance value for case (a)
results in large error values for the delay estimation such

- --
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TABLE I
DEPENDENCY
OF THE CML

CIRCUIT

Circuit

Constant

~ o t a ~ ~ e i a td
y

I

297ps

I

536ps

r~~350Q
f ~. 6 G H z Ccp=.OSpF,
,
C~~=0.07pF,Ccs + Cr. =O. 15pF

0.0

1.0 nsA
ntB

tins
tine

6

0.0 I

5.0

(a)

as 20% comparing with simulation values. However, if we
employ the value for the case (b), errors remain within 10%.
Consequently, the calculated delay times with the transfer
conductance value for case (b) agree with simulation results.
The error is estimated to be less than 10%.
IV. CURRENT DEPENDENCY
OF THE CML DELAYCOMPONENT
The transfer conductance value gcs depends on the source
current ICS.This results in a current dependency of the CML
delay. Employing the transfer conductance gcs for the case (b),
we compare a set of delay components with that for a different
source current. Both delay component sets are compared under
the same condition of an output signal amplitude of 0.56 V.
Table I shows the delay components for an example CML
circuit. The transfer conductance values gcs for the source
current ICS of 0.8 and 0.2 mA are 5.6 and 1.4 mS, respectively.
Table I shows the delay components and their ratio in
the total delay for the two cases. It indicates that the delay
component ratio for the total delay depends on the source
current of the current switch even if identical transistors are
employed in both CML circuits. This ratio is a very important
factor to know for optimizing device design. For example, the
delay component for the cutoff frequency f~ is 24% at the
source current of 0.8 mA but only 3% at 0.2 mA. Because the
transfer conductance value gcs is directly proportional to the
source current Ics,the time constant 7 1 at the source current of
0.8 mA is four times larger than that at 0.2 mA. This indicates
that the larger source current results in the higher ratio. The
delay component for the base-collector capacitance CBCis
45% and 39% for each source current.
These ratios seem to be large number for both cases. The
delay component for the collector-substratecapacitance Ccsis
25% and 55% for each case. Because the collector resistance
Rc is designed to be inversely proportional to the source
current ICS,the time constant 74 at the source current of
0.8 mA is one fourth of that at 0.2 mA. This indicates that the
larger source current results in the lower ratio. To improve the
switching speed, we should make design choices according to
the source current. For example, we try to decrease CBC,CCS
and increase f~ for the source current of 0.8 mA. However,
we may ignore increasing fT-for the source current of 0.2 mA,
because its delay component is a small part of the total delay.
We may also ignore decreasing CBEfor both. Thus, the delay
component ratio indicates how device improvements should be

I

I
0.0

I
8

0.0 I

I

ll-rnT-T1
1.0 nsA

tins
time

5.0

ntB

(b)
Fig. 9. The simulation results are shown for both cases in Table I with the
SPICE program (Hewlett Packard Impulse, HP85150B). The output signal is
plotted with different time scales of 0 to 1 ns (marked A) and 0 to 5 ns
(marked B) for each case. It is indicated that total delay times are around 280
and 500 ps, respectively.

made. The measured delay times with ring oscillators for the
case of the source current of 0.8 mA are around 0.3 ns. Total
delay times listed in Table I are compared with delay times
simulated with the SPICE program (Hewlett Packard Impulse,
HP85150B) as shown in Fig. 9. The simulation results tell that
the total delay times are around 280 ps and 500 ps for both
cases in Table I, respectively. It is estimated that errors are
5% and 8%. If we evaluate the transfer conductance gcs more
precisely, we will obtain better agreements.

v.

SUMMARY

Delay components of the CML circuit are discussed. To
trace the actual switching operation of the current switch, we
propose a new analysis method. A simplified transistor model
based on the Ebers-Moll model is employed. The diodes of the
transistor model are replaced by resistors whose conductance
values are determined by dc transfer characteristics of the
current switch. We notice that this conductance value is one of
the main parameters that determines the CML delay. However
this value has been ignored in the conventional analysis. We
pick up the resistor network from the CML equivalent circuit.
This resistor network specifies a transfer characteristic. The
CML equivalent circuit is reduced into a set of subcircuits that
are combinations of the resistor network and a subset of delay

*-
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elements. The number of the delay elements is chosen to be no
more than two so that each subcircuit can be analyzed exactly.
We propose to choose a subset containing the same kind delay
element pair in the current switch so as to obtain the delay
component with respect to each of CBC,CBE,CCS,and fT.If
transistors of the transistor pair have identical parameters, the
circuit operation is written by a first-order differential equation.
The total delay is calculated by summing up the delay components. This method contributes to lower the order of the differential equation describing the circuit operation that needs to be
solved. Applying this method to the CML circuit, we calculate
the delay components. We show that the delay component for
the cutoff frequency is expressed by a product of the transfer
conductance, the base resistance and the transient time of the
transistor. This result is different from conventional analysis.
We also formulate the delay component for the base-collector
capacitor. The input capacitance is also discussed with respect
to the Miller effect. Our analysis shows that the Miller effect
contribution for the CML delay is more significant than that of
conventional analysis. As an application of this analysis, we
discuss the current dependency of the CML delay. It is noticed
that the delay component ratio for the total delay depends on
the source current even if identical transistors are employed for
the CML circuit. This ratio indicates how device improvements
should be made to achieve an optimized effect.
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