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Abstract
In digital circuits there are two aspects of major importance, namely low-power and highspeed. The standard CMOS design method contains both these aspects, it is fast and it
dissipates little power. Although this last aspect depends very much on the operating
frequency, because the power dissipation of a standard CMOS cell increases linear with the
frequency. The standard CMOS design method dissipates little power for low frequencies,
but what happens when this frequency goes above the 100 MHz. In this report we are
interested in a minimum signal-frequency of 126 MHz, and the question if there are other
design methods that dissipate less power than standard CMOS above this 126 MHz, will be
answered in this report.
When digital circuits are combined with analog circuits on the same chip, a problem occurs.
The standard CMOS digital cells create large spikes on the powersupply during switching,
that will have a negative effect on the analog cells. These spikes can cause errors in the
analog circuits, so these spikes have to be reduced, before they can reach the analog circuits.
Normally the analog circuits are masked form the digital circuits, which results in a large
space between the two circuits, resulting in a large chip-area. If we can find a new digital
design method that produces only little spikes on the powersupply during switching, this
masking will be unnecessary, resulting in a strong reduction of chip-area.
The new digital design method must
o be as fast, or faster, than standard CMOS,
o

produce smaller spikes on the powersupply than standard CMOS

o dissipate less power than standard CMOS in the signal-frequency range above the 100

MHz
Before I started searching, I examined the power dissipation of a standard CMOS cell, and
came to the conclusion that the power dissipation depends on the powersupply, voltageswing, operating-frequency and the load-capacity. With these parameters in mind I found
several design methods. After testing these design methods the MCML (Mos Current Mode
Logic) came out best. This MCML design method will be discussed extensively in this
report, and will be compared with the standard CMOS design method. The standard CMOS
design method will therefore also discussed extensively in this report.
The MCML design method uses differential signals, which will also be discussed in this
report. An important drawback of this MCML-method is the fact that the low-value of the
input signal is not zero, but a value of x volt. If this low-value is applied to the gate of a
MOS-transistor, this transistor will not be entirely off, as in standard CMOS, but a leakagecurrent will flow through that transistor. The minimum low-value of the input signal will also
be determined in this report.
The cells which will be discussed in MCML and in standard CMOS are the "Full adder",
"Master Slave Flipflop", "EX(N)OR" and the "(N)ANO". After the MCML-cells were
extensively tested, it seemed that they dissipate approximately 20% - 60% less power than
the standard CMOS-cells, measured in a signal frequency-range between 120 MHz and 400
MHz.
The spikes on the powersupply are 20 times smaller, than by the standard CMOS design
method. The MCML method is 20% faster than the standard CMOS method, measured at a
signal-frequency of 126 MHz.
The cells that are build in MCML are tested in a string of identical cells, and are implemented
in an 8-bit Hilbert transformer. There are layouts of the cells given in this report.
© Philips Electronics N.V.
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Chapter 1: Introduction
In this report a method for designing logic-gates, which will be used in a digital signal
processing-environment, will be discussed. These logic-gates will be used in a high-speed
low-power library.
The current high-speed low-power CMOS library that is currently used in Philips Nat.lab.
consists of standard CMOS-gates. These standard CMOS gates have the property that they
produce large spikes on the powersupply during switching. When these standard CMOS gates
are used in a digital-circuit, this circuit produces a lot of switching noise on the powersupply.
This switching noise becomes very important when we combine analog- and digital-circuits
on the same chip. This switching noise has a negative effect on the analog-circuit. To reduce
this switching noise the analog-circuit has to be masked from the digital-circuit, which is
expensive and costs a lot of space on the chip.
When a new method can be found, that produces little spikes on the powersupply during
switching, the analog- and digital-circuits can be placed beside each other on the same chip,
which results in fewer costs (no masks) and smaller Chip-area.
Another very important aspect for the new design-method is the power dissipation, this must
be lower then the standard CMOS method. The standard CMOS design method has a power
dissipation that increases linear with frequency. It is therefore almost impossible to find a
design method that has a lower power dissipation over the entire frequency-range. This is
also not necessary because the design method that we are looking for in this report must have
a minimum signal-frequency of 126 MHz. So we are looking for a design method that
dissipates less power than the standard CMOS design method for frequencies higher then 126
MHz (signal frequency).
The power dissipation of a cascaded standard CMOS-gate can not be easily calculated,
because there are aspects as short-circuits (during switching), load-capacities and switchingspeed that are of major importance in this power dissipation. In this report we will discuss
this power dissipation of the standard CMOS-gates extensively, because we can retrieve
several strategies for low-power design methods from these discussions. It is therefore a
good start to examine the power dissipation of the standard CMOS cell, and check if there are
parameters that can be influenced in such a way that the cell will dissipate less power. These
parameters must be kept in mind when we are looking for other design methods.

© Philips Electronics N.V.
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Chapter 2 : Low-power strategies
2.1

Introduction

Power dissipation is one of the most important design parameters for CMOS. This in not only
true for battery-operated systems, but also for other systems like high-throughput digital
communication and digital video processing in multimedia applications.
After a short introduction of CMOS power dissipation, this chapter will present several
strategies for low-power high-performance CMOS circuits. The equations that are stated in
this chapter are quoted from [Nol 95].

2.2

CMOS Power Dissipation

For the calculation of the power dissipation of a CMOS gate, a CMOS inverter will be used,
see figure 1.
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Figure 1 : Sources of power dissipation in a CMOS inverter
The total power dissipation of this inverter can be split up into three different parts, namely
o The dynamic part Pc, which results from charging and discharging the output node
capacitance Ceq (figure 1). The output capacitance Ceq will be charged when Yin = low

2
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and will be discharged when Vin = high. When Yin = high the NMOS-transistor will
conduct, while the PMOS-transistor is closed. When Yin = low the PMOS-transistor
will conduct, while the NMOS-transistor is closed. The voltage swing AV over the
output node capacitance results in a charge difference of AQ = AV . Ceq and leads, for
the case of a periodic signal, to a DC supply current component of Idd = f . AV . Ceq.
With P = V· I this results in Pc = f· AV· Ceq' Vdd .
o The dynamic part P sc = f . V dd • Qsc results from the short circuit current, which flows
directly from V dd to ground. while both p- and n-type transistors are conducting. Qsc is
the time integral of the short-circuit current over one signal period (figure 1). P sc is less
then ten percent of P tot ' This ten percent results from tests, that were done by [Nol 95].
o The static part P 1eak = Vdd • I 1eak results from leakage currents (Ileak) through diodes
and sub-threshold transistor currents. Pleak is far less then one percent of Ptot, see [Nol
95].
The total power dissipation of the CMOS inverter can be determined by adding these three
parts, which results in
(EQ 1)

The factor 0' represents the switching activity of the gate output node in relation to the clock
frequency (Le. 0' = 1 for a clock signal, and 0' = 0.5 for a maximum data rate featuring one
transition per clock period).
Due to measurement [Nol 95], the first dynamic part seems to be the most important part,
because the second dynamic part is less then ten percent of the total power dissipation and
the static (third) part is far less then one percent of the total power dissipation.

2.3

Power Reduction Strategies

The dominating part of the total power diSSipation is the first dynamic part Pc. If we neglect
P sc and P 1eak , the total power dissipation will result in Pc = 0' • AV . f . V dd • Ceq. This
equation shows that we have three parameters that can be influenced:
o The switching statistic 0'.
o The supply voltage V dd and the voltage swing AV.
o The total nodal capacitance Ceq.
One important drawback of reducing Vdd is the loss in maximum speed. Maximum speed is
according to
fmax,long

2

oc

(Vdd - V t ) /Vdd= Vdd

(EQ 2)

in the case of a long channel transistor and is according to
(EQ 3)

in the case of sub-micrometer short channel transistors, respectively. The parameters that are
of interest are the supply voltage and the voltage swing, the switching statistic and the total
nodal capacitance are of less interest, because they are difficult to influence at transistorlevel. In chapter 5.4 a method to reduce the influence of the nodal capacitance will be
discussed.

© Philips Electronics N.V.
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3.1

Introduction

Several methods for designing low power CMOS-circuits will be discussed in this chapter.
These circuits will be used in a DSP (Digital Signal Processing) environment, and have to
full fill the following demands:
o The power-dissipation has to be low (preferable lower than standard CMOS)
o The signal-frequency has to be at least 126 MHz
o The spikes on the powersupply have to be minimum
Theoretical solutions for the first demand were discussed in chapter 2. During my libraryresearch I kept these low-power-strategies in mind.
The methods which were found after an extensive library-research will be briefly discussed
in this chapter. These methods will be explained with the help of the schematic of a (N)ANDgate.

3.2

Mos Current Mode Logic (MCML)

A MCML circuit consists of an input-stage, an output-stage and one or more constant current
sources. The input-stage consists of an NMOS-tree, and the output-stage consists of loaddevices. A 2-input (N)AND MCML gate is stated in figure 2.
When the inputs A and B are both high, the current Iss will flow through the transistors M 11
and M Z1 ' resulting in a voltage-drop over the left load device. The output Q' will contain the
value Vdd - V(load device), where as the other output Q contains the value Vdd, because a
zero current flows through the right load device, resulting in a zero voltage drop. For any
other input-combination the current Iss will flow through the right load device, and the zero
current will flow through the left load device. The differential output (Q - Q') will always be
equal to the voltage drop over the load device.
The voltage-swing can be kept smaller than standard CMOS, because the low-level must be
higher than 0 Volt. This is necessary because the MCML-cell is never 'off', the current Iss
will always flow through the cell from Vdd to VS5' SO a low-input-voltage must be high
enough to let the cell operate. The high input-level is equal to Vdd' More about these inputsignals will be discussed in chapter 5 and chapter 7.4.
An advantage of MCML is the use of current-routing instead of current-switching (standard
CMOS), resulting in smaller spikes on the powersupply. Another advantage over standard
CMOS is the use of differential signals, which makes the use of inverters superfluous.

4
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Figure 2 : MCML 2-input (N)AND gate

3.3

Source Coupled Logic (SCL)

A 2-input (N)AND SCL gate which is build in SCL is shown in figure 3_ A SCL-cell consists
of an input-stage, an output-stage and several constant current-sources. The input-stage
consists of an NMOS differential tree, which is biased with the current-source Isst- The
output-stage consists of several load-devices, which are connected to the gates of NMOStransistors, see figure 3. The NMOS differential tree is used to route the current Iss! from one
of the load devices to Vss resulting in a differential voltage between the gates of the
transistors M 1 and M2. This differential voltage between the gates of the transistors M1 and
M2 is retrieved in the same way as the differential output is retrieved by the MCML-gate of
figure 2. The current Iss2 will flow constant through the transistors M 1 and M2' resulting in a
nearly constant gate-source-voltage (V gs) of the transistors M} and M2- If the voltage at the
gates of the transistors Ml and M2 changes, this will result in a similar change of voltage at
the ouputs Q and Qc '
SCL has the same advantages over standard CMOS as MCML, however there is one
drawback, namely SCL uses three current sources whereas MCML uses only one current
source. This increasing of current sources will increase the power dissipation.
When we compare SCL with MCML, we can conclude that these two methods are almost
equal, except for the source followers that are added to the system.

© Philips Electronics N.V.
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Mllt-----t

Q

Figure 3 : 2-input (N)AND SCL gate

3.4

Folded Source Coupled logic (FSCL)

A 2-input (N)AND gate which is build in FSCL is shown in figure 4. The input-stage consists
of an NMOS differential tree, which is biased with the current-source I ssl ' The output stages
are either PMOS or NMOS diode connected load devices, biased with the two currentsources I ss2 ' The current Issl will flow from node Qc to Vss or from node Q to Vss. so that the
currents through the two diode loads will be Iss2 or Iss2 - Iss}' The voltage at the nodes Q and
Qc will be Iss2 . R(diode load) and (lss2 - I ssl ) . R(diode load), resulting in a differential
voltage between the two nodes of Iss! • R(diode load).
The FSCL-(N)AND has two transistors less then a SCL-(N)AND, but has the same
disadvantage as the SCL-(N)AND, namely it uses three current -sources, where a MCML(N)AND uses only one current-source. This high count of current-sources results in a higher
power dissipation then MCML.
The spikes on the powersupply of FSCL are small compared to standard CMOS, which is an
important feature of all the previous methods (values of spikes on the powersupply can be
found in chapter 4.) The high- and low-level of the input signals are equivalent to those of the
MCML-cell.

6
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.------.------~Q

Figure 4 : 2-input (N)AND FSCL gate

3.5

Complementary Pass-transistor Logic (CPL)

The main concept behind CPL is the use of an NMOS pass-transistor network for logic
organisation, as shown in figure 5. CPL consists of complementary inputs/outputs, an NMOS
pass-transistor logic network, and CMOS output inverters. These inverters can be replaced by
PMOS latches, as shown in figure 5.
The high level of the pass-transistor outputs (nodes Q and Q') is a threshold voltage lower
then the supply voltage. This loss in output voltage can be pulled up by PMOS latches or
CMOS output inverters.
To maintain high speed switching and to make sure that the output signal has the same
voltage swing as the input signal, it is necessary to use the PMOS latches or the output
inverters. This has the disadvantage that spikes occur on the powersupply during switching.
The input voltage-levels are equivalent to those of standard CMOS, and this has the
disadvantage that the voltage-swing is equal to Vdd'

© Philips Electronics N.V.
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Figure 5 : CPL 2-input (N)AND gate

3.6

Swing Restored Pass-transistor Logic (SRPL)

SRPL is very similar to CPL, because it uses the same NMOS pass-transistor network. The
two cross-coupled inverters are used for recovering the output signal, see figure 6.

A

B

B'

A'

Be_-+t----!-------I-----j

An advantage of pass-transistor logic is it's
simplicity, but a disadvantage of SRPL is
similar to a disadvantage of standard CMOS,
namely the spikes on the power-supply that
occur during switching. A SRPL-ceU has the
same (dis)advantages as a CPL-cell.

Figure 6 : SRPL 2-input (N)AND gate
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3.7

Double Pass-transistor Logic (DPL)

The switching tree of a DPL gate consist of both NMOS and PMOS pas-transistors, in
contrast to the switching tree of a CPL gate, where only NMOS transistors are used. Fullswing operation is attained by simply adding PMOS transistors in parallel with the NMOS
transistors. However, this addition will result in increasing input capacitance. The switching
tree of a CPL gate consists only of NMOS transistors, which results in a lower input
capacitance. The full-swing output-voltage restoration of a DPL-gate is done by the
combination of an NMOS and a PMOS transistor, instead of the PMOS-latches or inverters
which are used by CPL. A DPL 2-input (N)AND gate is given in figure 7.

B

B'

B ' e---4+----1

1----+1--..... B

A' e---H----l

Q

1----+1--'" A

Q'

Figure 7 : DPL 2-input (N)AND gate
The input-signals of the DPL-cell are equal to the input-signals of the CPL-gate, which
results in a voltage-swing of V dd Volt.
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Chapter 4 : Why MCML?
This chapter contains the arguments that I used when I decided that MCML is the most
appropriate design method. The gates that are discussed in chapter 3 will be tested for delaytime. power dissipation and spike-currents.
There is an output capacitance of 30fF added to the outputs of the gates discussed in chapter
3. For testing these gates, the load-devices of these gates are replaced by ideal resistors of
50KU The current sources are kept ideal. the powersupply is set to 2.5 Volt and the
dimensions of the transistors are the same for all the gates. The input signals for the gates
that use current-switching have a V10w of 0 Volt and a Vhigh of 2.5 Volt. The input signals for
the gates that use current-routing have a V10w of 1.25 Volt and a Vhigh of 2.5 Volt. The current
values of the current sources are kept as low as possible while maintaining an output voltage
that has the same voltage-swing as the input signal.
The results of these tests are shown in table 1. Take into account that these results can only be
used for a global overview, because this are worst-case values and there are different inputvalues used for different gates. The different input signals are used to create a practical
situation for the different design-methods.
Table 1: Testing the different design methods
lpeak (j.IA)

Power (j.lW)

Delay (nS)

Vdd (V)

DPL

-400

-60

-0.55

2.5

CPL

-400

-130

-0.50

2.5

SCL

-70

- 140

-0.50

2.5

CMOS

-400

- 50

- 0.40

2.5

MCML

-20

-60

-0.40

2.5

SRPL

-400

-130

-0.40

2.5

FSCL

-20

- 150

-0.50

2.5

The results show that the current spikes of a pass-transistor design are approximately 20
times larger than those- of the MCML design method. These current spikes are measured by
measuring the current that flows through the powersupply. This current is than plotted, and
the spikes can be seen and measured. The pass-transistor design methods do not have a
significantly advantage over MCML and CMOS due to power dissipation and delay time.
Therefore the pass-transistor design methods are not interesting for me.
When we look at the design methods that use a current routing design technique. we come to
the conclusion that MCML comes out best.
The MCML-design technique will be discussed extensively in the rest of this report. When
we forget the spike-currents, the standard CMOS design technique comes out best, therefore I
will relate the tests of the MCML-gates to the standard CMOS gates.

10
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Chapter 5 : Mos Current Mode Logic
5.1

Introduction

Standard CMOS is used in the current standard cell library (StClOOCorelib), which has two
important drawbacks, namely spikes occur on the powersupply during switching, and the
power dissipation increases linear with frequency (P=CV2f, where C is the load capacitance,
V is the supply voltage and f is the frequency, see chapter 2).
MCML uses current routing instead of current switching, so the current remains almost
constant, resulting in very little spikes on the powersupply during switching, and the power
dissipation is almost constant for increasing frequency, until a certain point (which will be
discussed in chapter 7.6).
In this chapter the (N)AND, EX(N)OR, Master Slave flipflop and the Full-adder will be
designed on transistor-level. The W/L-values of the MOS transistors, the input-values, etc.
will be determined in chapter 7. The operation of these gates will be explained with the help
of the schematics of these gates.
While discussing these gates, the input signals will have values as 'high' and 'low', instead
of numerical values.
Because MCML uses differential signals, the (dis)advantages of differential signals will be
discussed in this chapter.

5.2

Several MCML gates

The MCML-gates, that are discussed in this report are based on the CML library which is
designed with bipolar transistors, see [Pra 90]. In this chapter the (N)AND-, EX(N)OR, Full
adder- and the Master Slave Flipflop will be discussed, in terms of how they operate, and how
the coarse schematics look like.

5.2.1

2-input (N)AND gate

Figure 2 shows a 2-input (N)AND gate in MCML, which contains two differential pairs (M 11,
M 12) and (M21 , M 22 ). The current (Iss) is routed through the gate by steering the two
differential pairs, so that Iss will flow through one of the load devices, resulting in a voltage
loss over the load device. If Iss flows through the right load device, the outputs Q and Q' will
contain respectively the values Vdd - Iss' R(load device)(loW) and Vdd(high). The differential
output is therefore equal to Iss' R(load device)' When the input signals A and B contain a logic
'high', this will result in a 'low' value for output Q' and in a 'high' value for output Q.
Output Q represents the AND operation for the input signals A and B. When A and Bare
'high', the input signals A' and B' will be 'low'.

© Philips Electronics N.V.
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5.2.2

2.input EX(N)OR gate

There are three differential pairs (M n • M 12), (M 21 • M22) and (M31 , M 32) in the EX(N)OR
gate. which is shown in figure 8. The output Q represents the EXOR operation of the
inputsignals A and B, whereas the output Q' represents the EXNOR operation ofthe
inputsignals A and B. The high and low values of the outputs are equivalent to those of the
NAND-gate. In the truth-table (next to figure 8) the 'V represents a low-voltage and a 'H'
represents a high-voltage. When the gate of a transistor contains a 'H' this transistor will
conduct, when the gate contains a 'V this transistor will not conduct.
When the input signals A and B are both high or low the current Iss will flow through the left
load device, when the input signals contain other values the current Iss will flow through the
left load device.

A

A

B

Q Q'

L

L

L

H

L

H

H

L

H

L

H

L

H

H

L

H

Figure 8 : 2-input EX(N)OR-gate

5.2.3

2-input D-FLIPFLOP

The positive edge triggered D-FLIPFLOP contains six differential pairs. which can be seen in
figure 9.

12

© Philips Electronics N.V.

Chapter 5: Mos Current Mode Logic

CL

D

Q

LH

H

H

LH

L

L

0

x

Q

D' _---!-----J

Clock'

Clock

Figure 9: positive level triggered D-FLIPFLOP

The routing of the current remains the same, because there is always one transistor of a
differential pair that conducts, while the other transistor is closed in an ideal situation. Take
into account that the clock-frequency is twice the signal-frequency (according to Nyquist is
fclock ~ 2 . fsignal)' When the clock is low (clock' is high), the current Issl will flow through
the transistors MSl and either Mll or M IZ ' When D is high transistor Mll will conduct, when
D is low transistor MI2 will conduct During the time that the clock is low, nothing will
change. When the clock changes from low to high, the transistors MS2 and M6l will start to
conduct, while the transistors MSI and M62 will conduct no current. The current Issl will now
flow through the transistors MS2 and either M21 or M zz , which depends on the values of the
input signals D and D' just before the Clock-signal becomes high. When input D is high,
transistor MZ2 will conduct, or else transistor M21 will conduct. At the same time he current
Iss2 will flow through the transistors M61 and M31 if D is high or M32 if D is low. If the clock
becomes low again, the current Iss2 will flow through transistor M4I or M 4Z , keeping the
output signals Q and Q' constant during the time that the clock remains low. The outputs Q
and Q' are now independent of the input signals D and D'.
The high and low values of the outputs Q and Q' are Vdd and Vdd - Iss' R(load device)'

© Philips Electronics N.V.
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3.input FULL ADDER

5.2.4

The full adder is the largest cell that will be discussed in this report, it contains nine
differential pairs, and is shown in figure to.

F

Co

Co'

F

CI~_+---+----+---~_+----+---~-+--__4---~

AI~

____+-__~-+

____+-__

~-+

____ __
~

~~

____-+__

~

AI' ........----t------'-----+------'-----+-------'

Ao __-----+--+--~------------_+---~--~
~'-----~----r----------------~

Figure 10 : 3-input Full-adder

The full adder contains three inputs, including the carry-input. There are two outputs, namely
one for the least significant bit (F) and a carry-output for the most significant bit (CO). The
truth table for the full-adder is shown below.

Ao Al C1 F CO
L

L

L

L

L

L

H

H

L

L

H

L

H

L

IL

H

H

H

H

IH

L

L

H

L

H

L IH

H

H

H

H

L

H

H

H

H

H

H

H

IL
!
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The inputs CI , Aland Ao control respectively the top,
middle and bottom row of differential pairs. The logic table shows the outputs (F and CO) for all possible inputvalues. It will take quite some time to discuss which
transistors will conduct and which are closed for every
input-combination. When the gate of a transistor contains a logic 'high'. this transistor will conduct, when the
gate contains a logic 'low' it will not conduct. This assumption can easily be made because the full-adder contains only NMOS-transistors and load-resistors at this
moment.
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5.3

Differential input signals

[n this chapter are some (dis)advantages of differential input signals summarized. Every
(dis)advantage will be discussed extensively.

5.3.1

Advantage of differential input signals

o If the delay of a gate is determined by the output-capacitance (wiring and input
capacitance), this delay will decrease according to the logic voltage swing Vs.
(EQ4)

By the use of differential signals instead of non-differential signals, it is possible to
divide the logic swing by two, while maintaining the rate between the transistors which
are 'on' and 'off'. This current-ratio is a measure for the robustness ofthe gate.
o The use of a reference voltage for MCML can be eliminated by the use of differential
signals (with exception of the current-source reference). Non-differential MCML uses
one reference voltage for every transistor layer, this would add three reference voltages
for a full adder (figure 10). One important drawback of reference voltages is that they
use a lot of static power, which we try to keep as low as possible.
o The small logic voltage swing, that is allowed by differential signals, makes sure that
crosstalk between two metal-layers on a chip is minimum. The crosstalk between two
'wires' is compensated when both the differential signals flow parallel through the
chip, the signals will only be slightly delayed.
o The gates are (within certain limits) independent of little variations on the
powersupply.
o The cell output of MCML contains the output signals and the complementary signals.

5.3.2

Disadvantage of differential input signals

o To keep crosstalk as low as possible it is wise to keep signal and it's complementary
signal close to each other, which is almost an impossible task for routing-programs. If
these signals use wires of different length this can lead to a shifting in time of one of
the signals. This results in a time-difference between the signals. Another disadvantage
is that the wiring-channels will increase with a factor two in chip-area. The latter
disadvantage will be compensated with the disappearance of the reference voltages.

5.4

The effect of the wire-capacitance

When we connect the outputs of a cell to the inputs of another cell, the wire-capacitance is of
major importance. When these interconnect wires are small, the wire-capacitance will be
small and won't cause much of a problem for low frequencies. But if the frequency is high
and/or these wires are long a problem will occur. These wire capacities cause a delay-time
which reduces the operating bandwidth. The length of these wires cannot be exactly
© Philips Electronics N.Y.
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calculated, because a routing-program detennines the length of these wires. When two cells
that have to be connected to each other are neighbours, the interconnect-wires will be short
(wire-capacitance is small), but if the next cell is on the other side of the chip, these wires are
relatively long, resulting in a large wire-capacitance. The delay of the output signal strongly
depends of this wire-capacitance.
This wire-problem can be solved by placing the load-devices close to the input signals of the
next cell. The next step is to reduce the voltage-swing to a minimum, and control the cell
with a current, instead of a voltage-swing. Figure 11 shows a schematic of this principle.
The basic principle behind this idea is that
the differential voltage swing at the points A
and B is reduced to a minimum, resulting in
a circuit that can carry a big wireQ
Q'
capacitance, without getting a large delaytime. The current that flows through M} or
M2 will also flow through one of the loaddevices, resulting in a voltage-loss. This will
B
create a differential voltage over the outputs
Q and Q'.
I-=NMOS
The differential voltage swing at the points
Tree
A and B can be kept low by creating a low
impedance at these points, which is done by
the cross-coupled transistors MI and M2.

Figure 11 : current switching

The transistors MI and M2 of figure 11 can be replaced by current sources, see figure 12. The
voltage swing at the points VI and V2 can be reduced to a minimum by using transistors with
a gm that is equal to the inverted value of the load-resistance, which can be seen in the next
calculation.
V4I

=V4 - VI>

V32 = V3 - V 2•

(1)

gm' V4I =-i
V4

=-R· i

(2)

Substituting (1) in (2) gives,
NMOS

gm'

tree

V}

j.

R + gm ,VI

= i ......

=(1 - gm' R)· i / gm......
gm = l/R

Figure 12 : low impedance at VI and V2
16
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When the cross-coupled transistors have a gm of 1 / R1oad' the wire-capacitance has become
of minor importance. When we test this method in practice it seems impossible to make the
gm of the cross-coupled transistors equal to R1oad ' therefore a little voltage swing at the points
A and B will remain. Still this method is very useful. even for this little voltage-swing that
remains.

5.5

Replacing the load-devices

The load-device can be replaced by a PMOS-transistor, because this transistor can be used as
a pull-up function, whereas the NMOS-transistor can be used as a pull-down function.
Because the pull-down function is done by the NMOS tree, it is useful to replace the loaddevices by PMOS-transistors which can fulfil the pull-up function.
To create a resistor of a PMOS-transistor, the PMOS-transistor has to operate in it's triodearea.This can be accomplished by connecting the gate to a reference voltage. This referencevoltage must be chosen in such a manner hat the PMOS-transistor operates in it's triode-area.
There are several methods for designing a reference voltage, for instance with NMOS- or
PMOS-transistors. The most logical choice is the use of a PMOS-transistor, because if the
loads are changing under influence of temperature, the PMOS will change in a similar way.
The load-structure is stated in figure 13.

Creating a reference
voltage
Figure 13 : rep/acing the load-devices (RloadJ

5.6

Replacing the current-sources

MCML uses several current-sources (the full adder uses three current-sources, figure to),
these current-sources are not easy to implement in an IC-design. It is therefore useful to
replace these current-squrces by a single current-source, and create other current-sources by
using a current-mirror. There are several designs for current-mirrors. see page 66 of [Was
9l]. In this report the most simple current-mirror is used, see figure 14.
If we compare figure 14 with figure 13, it shows that they are almost identical, except for the
transistors (NMOS or PMOS). they are both current-mirrors, only used for different
purposes.

© Philips Electronics N.V.
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MCML-gate

MCML-gate
,",

• __ l

....

....

, .,- /

.

...

....

....

....

.........

Figure 14 : current-mirror replaces current-source
If we want to create a current-mirror with an almost constant bias-current, the channel
shortage effect is a very important effect. If we choose the channel-length of the bias-

transistors in figure 14 to short, the drain-current of the NMOS-transistor will show a
variation when the drain-source voltage slightly changes. It is therefore important to choose
the channel-length in such a manner that the changes due to channel shortage effect are
minimum. Take into account that the channel-length can't be chosen to large, because the
drain-source voltage is limited to a maximum.

5.7

Input voltage-levels

In the previous chapters, the input-values were called 'low' and 'high', but were never
specified. We want to use the same input-levels for all the gates, therefore the low- and highinput-value must be determined in such a way that all the gates operate under all conditions.
The full adder is the largest cell in this report and is therefore titled as the worst-case
situation. If we want to determine the input voltage-levels, the best way of doing this is to
take the worst-case situation, namely the full adder. If the input voltage-levels are correct for
the three level logic cell (full adder), they will be correct for any other two level logic cell in
this report.
If we take a look at the full adder (figure 10) there are three input-levels, namely Ao, At and
Ct. These differential input signals will create an almost constant voltage at the sources of
each row of transistors. Assume that the voltage at the sources of the transistors Mil. MI2,
M21 • M22 • M31 and M32 have value x. The voltage at the sources of the transistors M41 • M42 ,
.. , M71 and Mn will be Vds lower than x, etc. When we know the voltage which will be
needed to let the current-sources (NMOS-current-mirror) operate, and the voltage across the
load-devises (output voltage) is known, we can determine the minimum value of the
powersupply.
We do not want to use level-shifters for the different signals because of the extra power
needed, therefore the three levels of input signals will all have the same low and high
voltages. This will have the drawback that the low value of the input Signals will be equal to
the highest low-level, namely the low-level of input signal Ct. This low-level will be
determined in chapter 7.4.

18
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6.1

Introduction

This chapter contains several calculations concerning MCML-gates, such as calculating the
offset of several cascoded differential-pairs, e.g. the full adder has three cascoded
differential-pairs. Another important issue due to differential input signals is the fact that one
transistor of a differential-pair is conducting, while the other transistor is not entirely
switched off, because the gate of this transistor contains the low-level voltage instead of zero
volt, and is therefore conducting a little. The current that flows through a transistor that is
weakly conducting, is called the leakage-current. A relation between input signal and
leakage-current will be determined in this chapter.
The influence of temperature is a very important parameter and is therefore discussed.
The last detail which will be discussed in this chapter is the comparison of power-dissipation
versus frequency for MCML and standard CMOS.

6.2

Influence of offset on a (N)AND-gate

The offset-current of a MaS differential-pair depends on the difference in threshold-values
between the two transistors, and the slope (~Q) of the transistors. Before the influence of the
offset on a (N)AND gate will be discussed, we will first calculate the offset-voltage of a
differential pair. For the calculation of the offset-voltage of a MaS differential pair, I will
refer to figure 15 where the two voltage-sources are replaced by one voltage-source (Vin)'
In this report I assume that the WIL of the transistors are constant.
K=W'~Q/L

From now on I will use K instead of ~Q' when the term
K-factors instead of the ~-factors.

"~-mismatch"

occurs, I will use the

By using the general quadratic equations, the difference between VOS 1 and VOS2 can be
found for a general case:

Vin = Vasl - Vasz = (VTI - VTz )

+(!~;1_ !~~2)

By substituting 11 = 12 = IJ2 in the above equation, we can derive the Yin that is needed to
create two equal drain-currents. This Yin-value is called the offset-voltage (Voffset).

voffset --

© Philips Electronics N.V.
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Assume that K2 = Kl + dK and Vn = VTl + AVr
Substituting these two equations into equation 5 results in
Vollset

= -AVr +

Jfs.[KU~-11l
Kt

·

1+X1

This can be rewritten, by using .{[+l;; == 1 + ~ . A , into
V

JfslS,JK;. .

=-AV + I .
olfsetr

AK
(2·
KI + AK)

J

(EQ 6)

When using dK I K] «2 this will result in,

~s[

Voffset==-AVr+ K .
l

11~SAK
X-

AK
(AK)
== 2..

K1 . 2 + -

K·
1

1

Kl

The 2-input (N)AND gate consists of two differential pairs, so first we will discuss one
differential pair and expand the calculation to two differential pairs. namely the (N)AND gate
(see figure 8).
By analysing a differential pair, we take the view that the differential pair is completely
symmetrical, M} = M2 • V Tl = V T2 = V T• This assumption can be made, because the
threshold-mismatch and the l3-mismatch are already placed into the offset-voltage (equation
5). This offset-voltage will be used as a voltage-source (Et) in the next calculation. Further
we take the view that both transistors are in strong inversion and that they will operate in
saturation. The body effect and the channel shortage effect will be neglected.
The input-voltage will consist of an E-source in series with a signal-source, see figure 15.
Assume

81

=Voffset (see equation 6)
To simplify the calculation the next thesis
are made
(Vgsl - VTl) = A
(Vgs2 - Vn)

=B

Subtracting these thesis will result in,

Substituting V jn1 +81 in Vgsl - Vgs2 results in,
Vin ] + £1 = A - B
Figure 15 : Differential pair with offset
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The drain·currents II and 12 can also be expressed in A and B: 11= ~ ·AZ
/z=

The tail·currentI s can now be expressed as:

Is

K

"2 ·BZ

= I. +12= ~.

(Az +Bz)

For the differential·current 11 - 12 , we can write the next equation,
11 - /Z

=~.

Rewriting A + B gives: A + B =

(Az_Bz)

=~.

J 2· (Az + BZ) -

(A-B)· (A+B)

(EQ7)
(EQ 8)

(A -B) Z

Substituting equation 8 into equation 7 will result into,
11 -1z

=~.

(A-B)

.J 2· (Az+Bz)-(A-B)z

Substituting Vinl • £1 and Is into equation 7 will result in,
11 -l z =

K

2'

(Villi +8 1) '

J-r4
·ls

(Villi +8 1)

Z

(EQ 9)

By substituting equation 5 into £1 of equation 9 an equation is retrieved were the 13·mismatch
and the threshold-mismatch of the MOS differential·pair can be seen.

In the next calculation the influence of the offset on a (N)AND-gate will be discussed. During
this calculation the offset-voltage will be represented by the voltage-sources £1 and £2. see
figure 16. This offset-voltage (£2) can be calculated in a similar way as the offset-voltage
(£1)' which was done in the beginning of this chapter. Because the calculation of £2 is almost
similar to the calculation of £1' this calculation is not stated into this report.
The 2-input (N)AND gate can be built by cascoding 2 differential pairs. see figure 16.

.--..f--l--H--Nll

Figure 16 : Offset of a 2-input (N)AND

© Philips Electronics N.V.
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For the differential pair M3 and M 4, the above calculation can be repeated for the currents 13
and 14 , resulting in,
(EQ 10)
We can write for 11'
(EQ 11)
If we substitute equation 9 and 11 + 12
I

I (K. (V.

1

=..!.+

2

Inl

4

=Is into equation 11, this will result in,
+£)
1.

J4.I
_s_(V.
K

Inl

+£)2

J

(EQ 12)

1

12 can now be written in a similar way, because substituting 11 + 12

= Is into equation 12 will

give an similar expression for 12 ,
The equation for 13 - (12 + 14) can be retrieved by subtracting 12 from equation 10 which
results in,
13 -(/2+ 14)

K (Vin2 +£2)' J4.I
Is (Vin14+
1
--y-(Vin2 +E2 ) -'2+ K .
2

= '2'

E1 )

J4.Is

. T - ( V in1 +£1)

2

(EQ 13)

were the current 11 can be found in equation 12.

6.3

Influence of temperature on a (N)AND-gate

The expression for the differential current 11 - 12 (see equation 9 with £ =0) as function of Yin
(when we take into account that transistors of a differential pair are in strong inversion and in
saturation) has only two parameters namely the factor K and the tail-current Is' Assume that
the temperature for all the transistors is the same and remains constant, the K-factor remains
constant, but when the temperature changes the K-factor will change as well. When the
temperature increases, the transfer-curve will be 'stretched' in x-direction, see figure 17.
11 - I2j

Figure 17 " Influence o/temperature on a differential pair

This 'stretching' along the x-as of the transfer-curve is caused by the K-factor, because the
value of this K-factor decreases with increasing temperature. K can be written as,

w
(T)-~
K= ~'Cox·r·with~=~R·
TR

22

(EQ 14)
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with

Il = mobility of the charge-carriers
IlR = reference mobility
~ = temperature-exponent of Il
Cox = specific oxide capacitance
T =temperature
TR = reference temperature

The most important parameter in this equation is the mobility Il, which is strongly
temperature dependent.
When we substitute equation 14 into equation 13 this will result in an expression for the
differential current where the offset-voltage and the temperature influence on the K-factor are
variable.

6.4

Leakage-current in cascoded differential-pairs

The gates that are discussed in this report have a maximum of three cascoded differentialpairs, namely the full-adder, and a minimum of two cascoded differential-pairs. For the
calculation of the leakage-current there are simplified versions of the two and three cascoded
differential-pairs used, these figures are stated in figure 18 and figure 19. In these figures an
ideal current-source is used, and the voltage-values after the load-devices are named V dd and
V low' Operational parameters of the MOS devices are obtained using the "Mosca" program.

6.4.1

Leakage-current in 2 cascoded differential-pairs

Assume that the transistors MIt M 2 , M 3 , Ms and M6 are operating in linear mode, and
transistor M4 is operating in saturation.

Vdd

M2* has it. W/L ratio with an
L that is twice the L of M2

-0

= Voltage meter
Figure 18 : 2 cascoded differential-pairs

In the following calculations the symbols A, B, .. , E are used instead of VA' VB, .. , V E.

© Philips Electronics N.Y.
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To simplify the next calculations, the following expressions concerning a MOS device are
used
VDS=VD-V S
VGS =VG - Vs
VGT= VGS - VT
By using transistor Ml it is possible to determine the voltage at point A.
1

Kl

= 2' (2· Vor ' VDS -

Kl

= 2' (2

Vbs)

0

(VdrA- Vr ) . (Vlow- A ) - (Vlow-A) 2)

CEQ 15)

The voltage at node D can be determined by using transistor M4 .
I

leak

=

K ·V2
4
or

2

= K~.
2

(V

low

_D _ V )2

CEQ 16)

T

The voltage at node E can be determined by using transistor Ms.
Ileak

=

Ks

2'

2

(2· Vor ' VDS-VDS ) =

Ks

2'

2

(2· (VdrE-Vr )· (D-E) - (D-E) )

(EQ 17)

The transistors M2 and M3 can be replaced by one transistor with a channel-length that is
twice as long as the length of transistor M2 and M3 (taken into account that the channellength and width of the transistors are the same), see figure 18. It is now possible to calculate
the voltage at node C, by using the replaced transistor M2*.
K*2
1= 2 .{2.(Vdd -C-Vr ) (A-C)-(A-C)2)

~

o

Isolating parameter C will result in.
C•

12

= Vdd -

vr ±~.

Jr-(2-'V----2-.-V-dd-)-2-_-g-'A-.V-d-d-+-g-·A-.V-r-+-g-'A-2-+-:~::---;I
r

CEQ 18)

Because all the voltage-nodes are known, it is now possible to create an expression for the
voltage Vx' with parameter IIeak:' Transistor M6 is used to create this expression.
lied

24

K6

= 2' (2·

(Vx-Vr- C ) . (E-C) - (E-C) 2)

~
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Isolating V x will result in the next equation,
2 . [leak
K6

2

--+2.E.Vr -2.C.Vr -C +E

Vx

2

= -..:::.----;:;:--;-;:;-~::-----2· (E-C)

(EQ 19)

This minimum voltage swing of a two level cell can now be calculated, with the help of
equation 19. This voltage swing is determined by V dd - Vx' where Vdd = 2.5 Volt and V x is
shown in equation 19. In this report I am interested in the low voltage (V x) that is needed to
retrieve a leakage-current of maximal 1% of the tail-current. If we calculate this low voltage,
it will not be sufficient for the worst-case situation, because this V x is not calculated for a
three level cell, which will be done in the next chapter.

6.4.2

Leakage-current in 3 cascoded differential-pairs

The conditions are similar to those in the previous chapter with 2 cascoded differential-pairs.
see figure 19. A cascoding of three identical transistors can be replaced by a single transistor
with an equal width and a three times larger channel-length. which can be seen in figure 19.
First the voltages at the nodes A .. E will be determined, so that they can be substituted in the
equation for the voltage Vx' with the leakage-current as variable. These calculations are
similar to the calculations of the previous chapter, so I only put the results down.
(EQ 20)
(EQ 21)
(EQ 22)
(EQ 23)

(EQ 24)
The minimum low input voltage (Vx) can now be determined for a three level cell. which is
the worst-case cell in this report (full adder). If we calculate the minimum low voltage that is
needed to obtain a leakage-current of 1% of the tail-current for the full adder. this will be a
worst-case low voltage. Substituting ltail =60 !lA, lleak =0.6 !lA, Vdd =2.5 Volt and the ClOO
parameters into equation 24 this will result in a worst-case value of Vx = 1.1 Volt, so the
voltage swing is 1.4 Volt.
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The transistors in the dotted areas are replaced by the transistors M2 and M4-

-0

= Voltage meter

Figure 19 : three cascoded differential-pairs

Transistor M2 has a three times larger channel-length then the transistors in the large dotted
areas, transistor M4 has a two times larger channel-length then the transistors in the large
dotted areas (the transistors outside the dotted areas all have the same width and length as the
transistors in the large dotted areas).

6.5

Power dissipation MCML vs. Standard CMOS

In this chapter the power dissipation of MCML and standard CMOS will be compared. The
power dissipation for MCML is quite simple, namely I tair Vdd' where Itail is a constant value
which will be routed through the gate.
The power dissipation for standard CMOS is not that easy to calculate, therefore an inverter
will be discussed, because this is the most simple gate. This standard CMOS inverter cannot
be compared with a MCML-inverter, because an inverter in MCML can be implemented by a
simple wire (differential signals).
Still this detailed discussion will give a good view of the power dissipation of a standard
CMOS-inverter, and other standard CMOS-cells, because a standard CMOS-cell always
operates according to current-switching. This current-switching will be extensively discussed
in this chapter.
Some calculations are too difficult and are therefore replaced by simulation values, see
chapter 6.6. More information concerning this discussion on power dissipation of standard
CMOS can be found in [Vee 84].
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If we load a CMOS inverter with a capacitance, the power dissipation will consist of two
components, namely a dynamic dissipation and a short~circuit dissipation. The first
component can be expressed as PI =CL · V 2 . f, and the second as P 2 =Imean' V.
Since there is a difference in the short~circuit dissipation of an inverter without load and that
of an inverter with load, we start this discussion on the basis of an inverter with zero load
capacitance. For simplicity we assume that the inverter is symmetrical, which means that
K = K = K and Vr = -Vr = Vr
n

p

",

During the period tl - t2 (figure 20) the short-circuit current I increases from 0 to Imax. the
output voltage (Vout) will be larger than the input voltage (Vin) minus the threshold voltage
(V T) of the NMOST. As a consequence, the NMOS transistor will be in saturation during this
period of time. Using the simple MOS formula. this leads to
1=

K

2"' (Vin -yr)2

for

o'5. I '5. Imax'

time
I :
I

•

•

r-------

time

Figure 20 : Current behaviour of an inverter without load
This current will reach its maximum value when Yin equals half the supply voltage (Vin =
V dd/2 ) , due to the assumption that the inverter was symmetrical. Another result of this
assumption is that the current behaviour during the time period tl - t3 will be symmetrical
with respect to the time t2-

The mean current during a time T (equal to one period of the input signal) can thus be written
as
I

mean

2
= 2·_·
T

!1
t1

J(t)dt = 4
_.

T

!2K_.2(V.· (I) -Vr)2dt
tl

n

-

(EQ 25)

Assuming equal rise and fall times ('tr = 'tf ='t) of the input signal (symmetrical) and a linear
relation between the input voltage (Vin) and the time (t) during its transients it can be derived
from figure 20 that
Y

V. (t) = _dd· t
In

't'

(EQ 26)

and,
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=

11

Vr

1:

V dd' 1:

and

(EQ 27)

tz = 2 .

Substituting equations (26) and (27) into equation (25) results in
[

mean

2· K
dd
)~Vdd
=
. IVT·'tIVdd(V
_.t-V
_.t-Vr ) •
r
't12

1:

(EQ 28)

1:

which has the solution
[mean

=

1~' VK

dd

. (Vdd- 2 . Vr )3.

f. .

(EQ 29)

From equation 29 and the expression for the short-circuit dissipation (P2 = Imean • V) the
following expression can be derived for the short-circuit dissipation of a CMOS inverter
without load:
(EQ 30)
As lrr = f, equation 30 shows that this dissipation component is also proportional to the
frequency of switching ('trr).
During the previous calculation several assumptions are made, namely that the rise-time is
equal to the fall-time and the load capacitance equals zero. When we discuss a cascading of N
inverter-cells, these assumptions are no longer valid, the load capacitance will be non-zero,
and the rise- and fall-time will be different. When inverters are cascaded the rise-time of the
second cell will depend on the fall-time of the first cell, on the switching speed of the second
cell and on the value of the load-capacity. The above calculation satisfies a single inverter
without load. The next step will be a cascading of N inverters, each with a load, see figure 21.

Figure 21 : inverter string of N inverters
For the next discussion the input signal (Vin) has the same shape as in figure 20, with a riseand fall-time of 0.5 nSec, a high-time ('thigh) of 3.4 nsec and a low-time ('tlow) of 3.4 nsec,
which is typical for all the tests in this report, and a powersupply (Vdd) of 2.5 Volt. The input
signal of the second inverter has three possible shapes:
o The rise- and fall-time are equal to those of it's input signal (Yin)'
o The rise- and fall-time are larger then those of it's input signal (Yin)'
o The rise- and fall-time are smaller then those of it's input signal (Yin)'
The VOltage-swing remains the same for all the three possible shapes.
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These three possibilities strongly depend on the load-capacitance and the switching-speed of
the inverters, which can be seen in chapter 6.6. The first situation is the most simple
situation, because the previous calculation detennines a worst-case power-dissipation for an
inverter string, with the properties of the first situation. figure 23 shows the short-circuit
current versus load-capacitance of an inverter, which shows that the maximum short-circuit
current occurs with a zero load-capacitance.
The next two situations (rise- and fall-time differ from the rise- and fall-time of Vin> are of
more interest. I assume that the rise and fall time of the inverters are all equal, except the
rise- and fall-time of the first inverter, these differ from the rest of the inverters. This
assumption is tested in chapter 6.6. If we assume a zero load capacitance we take the worstcase short-circuit power dissipation. The short-circuit power dissipation of a string of
inverters can be split up in two parts, namely for the first inverter and for the other inverters.
The short-circuit power dissipation of the first inverter with zero load can be found in
equation 30, with t = 0.5 nSec. If we assume an ideal load, we can derive a worst-case shortcircuit power dissipation for the string inverters. The power dissipation of each inverter can
be calculated with a zero-load capacitance. For the other inverters the same equation for the
short-circuit power dissipation can be used. only t has a different value now, say t'. During
tests with an inverter string it showed that the rise- and fall-time remain almost the same after
the second inverter, therefore the total short-circuit power dissipation can be split up into two
parts, namely the first inverter, and for the other inverters. The different values for t can be
found in chapter 6.6. For N inverters the total short-circuit power dissipation will result in
p

2'Olal

= IP2·(Vdd-2.VT)3.'!:.!+(N-l)·lP2·(Vdd-2.Vr)3.'!:,.!

(EQ31)

For calculating the dynamic dissipation of N inverters, the load-capacity is of major
importance. For N cascaded inverters each with a load this would result in
(EQ 32)
Pl
=N·CL ·!·V2
Mt.:

Adding these two power-components up I would make an error, because PI is calculated with
a string of NMOS devices with capacity loads, and P2 is calculated with a string of NMOS
devices without capacity loads. These two power-components give the maximum
powerdissipation of an inverter string, numerical values are stated in chapter 6.6, where a
similar inverter string is measured under similar circumstances.

6.6

Testing a string of Standard CMOS inverters

This chapter isn't placed under chapter 7: Designing and measuring. because the tests of this
chapter are strictly necessary for the theory in chapter 6.5.
The inverter is not tested in MCML, because it seems a little odd to test a simple wire on it's
perfonnance (an invert~r can by made in MCML by switching the two wires, because MCML
operates with differential-signals).
The inverter-string of figure 21 is build in cadence with the CIOO-library. where the PMOS
and the NMOS parameters were retrieved fonn the StCIOOCorelib (standard CMOS-library).
The length of the NMOS- and PMOS-transistor are both 0.5f.UI1. the width of the NMOStransistor is 0.8/lm, and the width of the PMOS-transistor is S.6/lm.
First I will apply a signal (see figure 20, with the parameters as discussed in chapter 6.5) to
the input of the first inverter, and measure the rise-time (tr) of the next cell, and the rise-time
after nine inverters. for several load-capacities. The results are stated below.
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Table 2: rise-time vs. load-capacitance
load-capacitance ~ input signal

'tr

after one cell

't r after

nine cells

2fF

0.50 nsee

0.25 nsec

0.35 nsec

20fF

0.50 nsec

0.40 nsee

0.45 nsec

50 fF

0.50 nsec

0.60 nsec

0.75 nsec

100fF

0.50 nsec

1.10 nsee

1.20 nsec

From this test we can conclude that the first inverter determines the rise-and fall-time of the
rest of the inverters (within certain margins).

For the next test I will measure the power dissipation, for different load-capacitance and
different rise- and fall-time of the input signal, but other parameters (such as powersupply
(2.5 Volt), signal-frequency (126 MHz) and temperature (25°C) are kept constant. The
frequency of the input signal is kept constant, while the rise- and fall-time changes, by
changing the high-,and low-time in such a way that the frequency of the input signal remains
constant. The results of these tests are stated below.

~

- 0,25 nsec:
load-capacitance (fF)

~

power dissipation O.tW)

o

7

2

8

20

24

50

54

100

101

= 0,5 nsec:
load-capacitance (fF)

power dissipation (J.1W)

o

24

2

24

20

45

50

67

100

112

The values for a rise-time of 1 nsee are not mentioned here, because the differences between
the power dissipation by 1 nsec and 2 nsee are very small.

30

© Philips Electronics N. V.

Chapter 6: Theoretical debate

~

= 2 nsee:
load-capacitance (fF)

~=

power dissipation (J,lW)

o

33

2

36

20

48

50

72

100

119

3 nsee:
load-capacitance (fF)

power dissipation (IlW)

o

40

2

41

20

51

50

19

100

124

When we implement these values into one figure, this figure represents the power dissipation
of the inverter as function of the inverter load capacitance, for several rise- and fall-times of
the input signal, see figure 22.
power dissipation (IlW)

100
..........~~"'-- 'tr

=3 nsee

'-=:::::=::::::::~::!::Z:~==
'tr
...
'tr == 20.5nsee
nsee

..........- - - - - 'tr =0.25 nsee

--------------+CL (iF)
10
100

11'-

Figure 22 : Inverter dissipation as function of the load capacitance
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A third and last test will detennine the spike-current through an inverter for several loadcapacities (the rise- and fall-time are 0.5 nsee). The results are stated in figure 23.

500

400
300
200
100

CL=OtF
CL =2tF
CL = 20 tF
CL=50tF
CL =lOtF

o~-~-----""'~-"

t (nsec)

Figure 23 : Short-circuit current as function of different load capacitances
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Chapter 7 : Designing and measuring
7.1

Introduction

The MCML-gates which are stated in chapter 5 have to be specified before they can be used
in a test environment. In this chapter the transistors, input signals, current-sources etc. will
be specified. When the gates are specified, they will be tested for several frequencies, load
capacities, input signals, temperatures etc. A cell will be tested in a cascading of several
equal cells. All this testing is necessary because these MCML-cells will be used in a library.
So before we design these cells, the demands for these cells will be discussed. After these
demands I will give the end versions of the specified cells first, and will then proceed with
the testing of the cells, the discussions of the specifications of the cells and the input signals.
This seems a some what odd order to give the final version of the cells before the cells are
tested (which has a major influence on the specifications of the cells), and before the input
signals are specified. Still it is done this way, to get an impression of the final version of the
cells.

7.2

Demands for the library

Demands which are discussed earlier are low power, small spikes on the power supply and a
signal-frequency of 126 MHz. But these are more general demands, instead of demands for a
library. The demands for this library are,
o Operating temperature between -40 °C and + 125 °C
o After a cascading of approximately 10 gates the output signal has the same shape as the
input signal, without loss of voltage-swing
o Tolerance analysis methods have to be taken into account, such as worst-case analysis
and non-worst-case analysis. These analyses are the "Slow-Nominal-Fast" analysis and
the Monte Carlo analysis
o The input signal-sources and the powersupply have a tolerance of 10%
o Take the wire-capacity into account (-20 iF)

7.3

Designing the cells

In this chapter the cells will be designed and specified, during this designing several
considerations have been made. The most fundamental consideration will be discussed in this
chapter.
I started designing with transistors of minimum dimensions and a load-resistor of 50 Kn
These load-resistors are replaced by PMOS-transistors, see chapter 5.5, which are biased at
an approximately equal value of 50 Kn These PMOS-transistors are operating in their linearregion.
To determine the value of the powersupply and to specify the input signals I used the worstcase cell, namely the full-adder (figure 10). To keep the power-dissipation as low as possible
we decided to use input signals without level-shifters, which has the consequence that the
low-input-Ievel is the same for all the input signals. It is important that the NMOS-tree still
© Philips Electronics N.V.
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operates at this low-level, and contains the highest low-voltage-level in the full-adder,
because the full-adder contains 3 cascoded differential-pairs which must all operate under all
conditions. With the use of Mosca and measuring at worst-case situations (see chapter 7.4) a
V10w of 1.1 Volt seems acceptable (this 1.1 Volt is acceptable for a temperature of + 125 °e,
but can be higher for lower temperatures. This will be discussed in chapter 7.4). The
powersupply is set to 2.5 Volt.

7.3.1

2-input (N)AND-gate

When we replace the load-devices and the current-source of figure 8 by PMOS-transistors,
current mirrors and add the cross-coupled transistors (chapter 5.4), the cell can be tested.
When I applied the transient input combination A = Bc (and Ac = B) an error occurred. The
output Q must be high while this input combination is applied, and output Qc must remain
low. When the input signal changes from low to high (or high to low) there is a moment that
the signals A and B are equal, and all transistors are conducting a little. Because the cell is
not symmetrical, the left capacitor is discharged a little longer than the right capacitor. When
this happens several times, the voltage over the left capacitor has dropped so far that the left
cross-coupled transistor will conduct, which charges the left capacitor again. To prevent this
voltage over the left capacitor from dropping, an extra transistor is added in the right branch,
resulting in a symmetrical cell, see figure 24.
The channel-length and -width are determined after extensive testing of a string of these
cells. This testing will be discussed in chapter 7.5.

Added transistor

Figure 24 : specified 2-input (N)AND gate
Before this cell can be tested, a symbol of the dotted area will be made and the rest of the cell
is biasing. A cascading of N cells is shown in figure 25.
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load Vdd

A

Ac
Q Y1
B cellI Qc

Be

load Vdd
A
Ac
Q Y2

Ac

Be

Be

load Vdd

A

Q

B ce1l2 Qc ••••• B cellN Qc
bias

Vss

Figure 25 : N cascaded inverters, build with 2-input (N)ANDs
The biasing-circuit is equal for all cells that are discussed in this report, except for the biascurrent, which has a different value for the master-slave flipflop and the full-adder.

7.3.2

2-input EX(N)OR-gate

By replacing the load-device and the current-source by mos-transistors and adding the crosscoupled mas-transistors to figure 8, the next cell is created (see figure 26).

45~

Figure 26 : specified 2-input EX(N)OR gate
This cell is tested in a string of N cells, where a symbol of the dotted area is made (a cell),
and those symbols (cells) are then cascaded, which results in the next figure (figure 27).
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X

load Vdd
A
Y
Ac cellI Q
B
Qc
Be

load Vdd
A
Ac
Q Yz
B cell2 Qc .....
Be
bias

load Vdd
A
Ac
Q
B cellN Qc
Be
bias

+

Ylow
Figure 27 .. N cascaded 2-input EX(N)OR-gates

When we look at the truth table of figure 8 it shows that when holding input A at a constant
high-level, the output is the inverted value of the input B, which is used in the cascading of
these gates, see figure 27.

7.3.3

Master-Slave Flip Flop

The master-slave flip flop is tested in a different way then the other cells, which will be
discussed extensively in chapter 7.5. After several tests (chapter 7.5) the specified cell is
shown in figure 28.

Figure 28 : specified master-slave flip flop
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This cell was tested by transfonning it into a divide by two stage. This is done by making a
symbol of the dotted area and connecting the outputs to the inputs, where Q is connected to
Dc, and Qc is connected to 0, see figure 29.

2.5 Volt

Q Y.

"'.............. : : cell
.. .......•
::
,

.

..

Dc
Clk

Qc .;
Clkc

bias Vss

Figure 29 .' cascaded master-slave flip flop
The schematic as is shown in figure 29 doesn't have any input signals. I put a pulse of x
seconds on the output (also input, because connected) at the time t=O to t=x (x « one clockperiod), and after that time-period the flip flop will act as a divide by two stage (see chapter
7.5).

7.3.4

The full adder

The bias-current of the full adder is higher than the bias-current of the other cells, because it
is the worst-case cell due to transistor count and it has three cascoded differential pairs,
where as the other cells only count two cascoded differential pairs. After extensive testing the
full adder cell has the following circuit diagram, see figure 30.
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Figure 30 : Circuit diagram of the full adder
Due to the three cascoded differential pairs, several problems occur, such as a higher lowvoltage-level of the input signals, which results in a higher leakage-current and a higher bias
current. The most important problem is the high leakage-current, which results in loss of
voltage swing after several cascaded cells. One of the possible solution was to find a way to
build this full adder with only two cascoded differential pairs. The schematic for this full
adder is stated in appendix I. During the tests of this full adder with two cascoded differential
pairs other problems occurred, such as a higher power dissipation (due to 4 current sources,
instead of only 3), and this cell was significantly slower. Taken these drawbacks into account
I choose for the first method of three cascoded differential pairs.
Extensive testing of this full adder cell is done in chapter 7.S.
This cell is tested in a similar way as the other cells, namely by making a symbol of the
dotted area and making a string of these cells, shown in figure 31.
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It.,

..::b-

-

e)~VIOW
Figure 31 : N cascaded full adders

7.4

Specify the input signals

The worst case cell is the full adder, as discussed in chapter 5.7, therefore this cell will be
central in this chapter. The high input-level is equal to the power supply, because this is the
highest level in the cell. The low input-level can't be set to zero, because the cell wouldn't
operate any more, and is therefore set to a minimum value, see also chapter 5.7. If we choose
this low input-level too high the leakage-current will be too high, see also chapter 6.4, which
results in a reduced output-voltage after several cascaded full adders. It is impossible to make
this leakage-current zero, because the transistors are always a little conducting due to this
low input-level. In this chapter we try to find a suitable value for this leakage-current.
The leakage-current depends on several things, such as the low-level of the input signals, the
temperature and the sort of analyses (NtypPtyp, NslowPslow, NslowPfast, etc.). Therefore
we will take two full adder cells and connect them to each other as is done in figure 31, then
we take two DC-signal-sources and connect them to the inputs AO and AO'. Call these signal
sources respectively A and A'. When we use the next Pstar-file, we can test the temperature
VS. differential inputvoltage, with Iratio = I1eak:/ltail as parameter. The tail-current is set to
60j.lA, see figure 31.
DC;
temp =-40, -20, 0, 20, 40. 60.80. 100. 125;
E_Cl = 2.5;
E_Clc = 1.5;
E_Al = 2.5;
E_Alc = 1.5;
E_A =2.5;
E_A' =2.0. 1.9. 1.8. 1.7, 1.6. 1.5, 1.4, 1.3. 1.2, 1.1, 1.0;
Irate =!leak: I ltail;
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Vdiff = E_A - E_A';
file: Vdiff, Irate, Itail, Ileak:;
end;
run;

The current Ileak is measured in the first differential-pair, counted form the ground, and the
tail-current (I tail) tlows through the current-mirror, see also figure 19. This test is done twice,
namely for a typical analysis and for the worst-case analysis, namely the NslowPfast
analysis. Figure 32 shows a statistic temperature measurement of a full adder with an
NslowPfast analysis.

120

100
O.lm

80
60

40
20

o
Irate

-20

=Ileal!ltaililtail = 60 IlA

Vdiff =Vhigh - V10wlVhigh =2.5 V

-40
~--------------------~----------------~5--~Vdiff(~

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.

Figure 32 : Temperature vs. differential input of NslowPfast-analysis

Figure 33 shows the same test for an NtypPtyp-analysis.

Looking at the worst-case situation (figure 32). a current-ratio of 1% at 125°C is obtained
with a differential input of 1.4 Volt. A ratio below this 1% is not acceptable, therefore I used
a low-input voltage of 1.1 Volt (2.5V - 1.4V). This 1.4 Volt differential input-voltage will do
fine for a typical analyse (see figure 33). because the current-ratio drops far below this 1%
for a low-input of 1.1 Volt at 25°C.
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Figure 33 : Temperature vs. differential input of NtypPtyp-analysis

The gates «N(AND, EX(N)OR. Master Slave Flipflop and the Full adder) are designed in
such a way that they produce a differential output-voltage of 1.4 Volt, while they retrieve a
differential input-voltage of 1.4 Volt, while operating at an NslowPfast analysis at a
temperature of 125°C. When we test the same gate at an NtypPtyp analysis at a temperature
of 25°C, the output-voltage will drop to a differential voltage of 1 Volt. From chapter 6.3 we
can see that the threshold-voltage of the NMOS- and PMOS-transistor increases when the
temperature decreases. Beside this increasing threshold-voltage. the use of an NtypPtyp
analysis instead of an NslowPfast analysis also has it's effect on the decreasing of the
differential output vol~age. A first intention would be, this 1 volt differential voltage is to
small, but if we take a look at figure 33, and look 25°C and 1 Volt (differential) up we will
find a current-ratio which is far below the 1%.
From this chapter we can conclude that the cells have to be dimensioned for a temperature of
125°C with a differential input-voltage of 1.4 Volt at an NslowPfast analysis, so that the
output of each cascaded cell will be a differential voltage of 1.4 Volt.
To test this theory, I used a string of full adders (see figure 31) and did two tests, namely one
at 125°C, NslowPfast, with a differential input-voltage of 1.4 Volt. while the other test is
done at 25°C, NtypPtyp, with a differential input-voltage of 1 Volt. After 10 cascaded full
adders, the output signals are shown in figure 34.
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Figure 34 : input- and output signals after 10 cascaded full adders

When we look at figure 34 it is obvious that the leakage-current is small enough for both the
tests, so that the output voltage-swing isn'1 reduced after a string of ten gates, but has a
voltage-swing that is almost equal to that of the input signal. This voltage-swing is 1 Volt for
the second test (temp=2SoC, NtypPtyp) and 1.4 Volt for the first test (temp=12SoC,
NslowPfast). From these tests we can conclude that the cells have to be specified for an 1.4
Volt differential input/output signal at a temperature of 125°C and tested for a NslowPfastanalysis.

7.5

Testing the designs

The cells, as discussed in previous chapters, will be tested in a string of identical cells. These
tests will contain statistic-, dynamic-, worst-case-, temperature-, offset- and montecarloanalysis. After these tests the cells will have the specifications as shown in chapter 7.3. In the
beginning the gates were tested with ideal compontents. such as current-sources instead of
current-mirrors and without wiring-capacity. This procedure of testing is discussed during the
testing of the (N)AND-gate. but is not mentioned with the testing of the other gates, because
this testing procedure is the same for all the gates.
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7.5.1

DC-analysis of the (N)AND-gate

The first tests were done with ideal current-sources, instead of the current-mirror. In this test,
I used a single cell as stated in figure 24 (without current-mirror) and measured the currents
that flow through the cross-coupled transistors. This test was repeated for several differential
input-voltages, several temperatures, for a typical analysis and a worst-case analysis. These
results were put in a graphic with on the y-axe the difference of the two currents and on the xaxe the differential input-voltage, see figure 35.

Imtf{J.lA)

------------------------~~~~--~----------------+v~~)
0.35 0.6 0.7

- - NtypPtyp

-

- •-

NslowPfast

Figure 35 : Influence of temperature on a (N)AND

Not all the measured curves are drawn in figure 35, because none of the curves will be slower
than the curve of a NslowPfast analysis at 125°e, therefore this situation is the worst-case
situation. From this figure we can conclude that a differential voltage of 1.4 volt is sufficient
to maintain a clear routing of the current through the gate under worst-case conditions.
Another important issue of this test is that we can see if the gate is symmetrical, because
when the differential input-voltage is zero, the same current will flow through the two crosscoupled transistors, resulting in zero differential current.

7.5.2

Transient-analysis of the (N)AND-gate

The first transient tests were done with a single (N)AND-gate with a current-source instead
of a current-mirror without a load- or wiring- capacitor. After these tests the wiring-capacitor
was added and the cell was tested again, which ended in the tests of a string of (N)ANDgates, with capacity and current-mirror, see figure 25.
When we change the temperature, this will effect the threshold-voltage of the mostransistors. From chapter 6.3 we can retrieve that with an increasing temperature the
threshold-voltage of a mos-transistor will decrease, so we will test this (N)AND-string also
for several temperatures, between the -40o e and the +125°e. These tests will be done with
typical and worst-case parameters, such as NtypPtyp, NslowPfast, etc.
The next Pstar-file is used,
transient;
t = an(O, lOOn, 200);
temp =-40, -20, 0, 20,40,60,80, 100, 125;
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E_X = sinsq(1.1. 2.5. 3.4n. O.5n. 3.4n. O.5n, 7.8n);
E_Xc = sinsq(2.5. 1.1. 3.4n. 0.5n. 3.5n, O.5n, 7.8n);
file: E_X, E_Xc. vn(Yl)' vn(Y2)' •.• vn(YN_l)'
pwr(celll). pwr(ce1l2), pwr(cell N);
end;
run;

With this file we can measure the delay after each cell and we can measure the powerdissipation of each cell.
The delay of a cell can be measured by measuring the difference in time between the outputand the input signal (measured at 50% of the maximum voltage-level), see figure 36.
(Volt)

I

Vdd+Vlow

2

J

--- ------------\

/

Vdd =2.5 Volt

/

I

----

-+ t (nSec)

1...-_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

't2

Figure 36 : Determination of the delay-time of a cell

The signals as drawn in figure 36 are ideal, this is correct for the input signal of the first cell,
because this signal comes directly from a signal-source (which is ideal). A more realistic
output signal can be seen in figure 34, which represents an output signal of a full-adder after
a string of 10 gates. For a string of (N)ANDs an almost equal wave-form will be measured.
For these practical signals the delay-time is measured at exactly the same way as is stated in
figure 36. When we take a look at the above figure it shows that there are two ways of
measuring the delay-time, namely the rising edge and the falling edge of the signal, this is
shown by the time-differences 'tl and 't2' In this case the cells are almost symmetric, and the
input signal is symmetric, which results in just a slight difference of the delay-times. These
differences are so small that they are of no interest to me. When we used a cell which is not
symmetric ('tl :¢:. '(2)' both the delay-times should be taken into account.
For the string of (N)AND-gates, see figure 25, and an NtypPtyp-analysis with a temperature
of 25°C and a V10w = 1.5 Volt (see previous Pstar-file), the results are stated below.
Delay between the input-signal and the signal after one gate
Delay between the input-signal and the signal after two gates
Delay between the input-signal and the signal after three gates
Delay between the input-signal and the signal after four gates

: 0.28 nSec (rise-time)
: 0.72 nSec
: 1.18 nSec
: 1.65 nSec

The use of a Vlow of 1.5Volt is correct for a typical analysis at a temperature of 25°C,
because this is discussed in chapter 7 A.
We can see that this delay increases linear with the number of cascaded gates. which is the
reason that I didn't add more results to these four delay-times.
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When we change the temperature the low-voltage-level will change as well, which will result
in a change in differential-output which results in different delay-times. The same thing will
happen if we test the cells for a worst-case situation as an NslowPfast-analysis. These tests
were done and they showed a similar wave-form as is stated in figure 34. The only difference
between these tests are the low voltage-levels and the delay-times, but the tests were all
successful for aU the 10 cascaded (N)AND-gates and there are no voltage-drops measured.
With the command 'pwr(cell N), the Pstar-file is the power dissipation of each cell is
measured. The power dissipation is almost equal for all cascaded cells, figure 37 shows the
power dissipation of one of the cells (the previous stated transient Pstar-file is used).
Power{J1W)
140
130
120
110
100

90
80
70

- -20- -30- - 40
--- -60- -70
- - + t (nSec)
o' - 10
50
Figure 37 : power dissipation of one (N)AND-cell
The power dissipation can easy be calculated by. Vdd • I bias =2.5 . 45J1 = 112.5 J.L Watt, which
matches the measured power dissipation very well. The average value of this power
dissipation can be calculated with the Cgap calculator, which results in an average power
dissipation of approximately 112 J.LWatt.

7.5.3

Monte Carlo analysis of the (N)AND-gate

In the Monte Carlo analysis the sample points are generated in a pseudo-random manner to
simulate the actual manufacturing process. The Monte Carlo method generates values
according to the component probability density functions. The MOS transistors which are
placed close to each other on the chip are correlated with each other with a factor 0.8. This
seems a suitable value for the CIOO process. The Monte Carlo analysis is a 40 analysis. More
information about this Monte Carlo method can be found in [toI93].
In each cell of figure 25 we match the transistors that remain close to each other when they
are placed on the chip, such as the PMOS-transistors, the cross-coupled transistors and the
NMOS tree. In another test I matched every differential-pair separately, but that didn't give
other results then the matching of the entire NMOS tree. These groups of transistors are
correlated to each other with a factor 0.8, which is done for every cell in the Pstar-file. In this
test I used a transient-statistic test, which is shown in the next Pstar-file.
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statistics;
STATPROCES: CIOODMA2 = 'ClOODMA2';
cc_l (\PJE_M1.CELLl, PJE_M2.CELL1) 0.8;
cc_2 (\NJ_M2.CELL1, NJ_M3.CELL1) 0.8;
cc_3 (\NJ_M4.CELLl, NJ_M5.CELL1, NJ_M6.CELLl, NJ_M7.CELLl, NJ_MS.CELLl) O.S;
cc_4 (\PJE...Ml.CELL2. PJE_M2.CELL2) 0.8;

end;

trstat;
trials: 15;
seed: 1;
t = an(O. lOOn. 200);
temp = -40, -20, 0, 20, 40,60, SO, 100, 125;
E_X = sinsq (1.1.2.5, 3.4n, 0.5n, 3.4n, 0.5n. 7.Sn);
E_Xc = sinsq (2.5, 1.1, 3.4n, 0.5n, 3.4n, 0.5n. 7.8n);
file: vn(Yl), vn(yz)•.., vn(YN.l), E_X, E_Xc;
end;
run;

The only transistors that I didn't match are the current-mirror-transistors. The NslowPfastanalysis with temp = 125°C is the worst-case test, the output-signals after 9 gates are stated
in figure 38.
Vout (V)

Nslowpfast
Temp =125°C

2.5

1.1 --~----------------------~t~S~)

Figure 38 : output signal after 9 (N)AND-gates

The worst simulation qas a Vhigh of 2.5 Volt and a V10w of 1.1 Volt, the other tests have a
V10w which is slightly below the 1.1 Volt, and are therefore better. The signals have a Vhigh
that has a little spike above the 2.5 Volt (overshoot).

7.5.4

DC-analysis of tbe EX(N)OR-gate

When we test the EX(N)OR-gate in the same way as the (N)AND-gate in chapter 7.5.1, the
results will be similar to those of the (N)AND-gate. The EX(N)OR-gate is symmetrical, and
has the same specifications as the (N)AND-gate. It was therefore predictable that the results
would be similar to those of the (N)AND-gate. The single EX(N)OR-gate was tested for
several temperatures and for several analysis, such as NtypPtyp and Nslowpfast. The results
are similar to those of figure 35, and are therefore not given.
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7.5.5

Transient-analysis of the EX(N)OR-gate

The first transient tests were done with a single EX(N)OR-gate without load, with a currentsource instead of a current-mirror and without a wiring-capacitor. After these tests the
wiring-capacitor was added and the cell was tested again, which ended in the tests of a string
of EX(N)OR-gates, with capacitor and current-mirror, see figure 27.
The transient tests were done with the same Pstar-file as discussed in chapter 7.5.2. The
output signals have the same wave-forms as the wave-forms stated in figure 34. The delay
time can be measured in the same way as was done in chapter 7.5.2, the results are stated
below.
delay between the input-signal and the signal after one gate

: 0.29 nSec ('tt)

delay between the input-signal and the signal after two gates
delay between the input-signal and the signal after three gates
delay between the input-signal and the signal after four gates

: 0.77 nSec
: 1.24 nSec
: 1.74 nSec

When we compare these results with the delay-time results of the (N)AND-gate, we come to
the conclusion that the EX(N)OR is a little slower then the (N)AND-gate. This slight
difference can be explained by looking at the designs of the cells. The input signals of the
(N)AND-gate only have to control one gate, where the input signals of the EX(N)OR-gate
must control two gates, which can cause a little delay.
The power dissipation of the EX(N)OR-gates is equal to the power dissipation of the
(N)AND-gates, and has the same wave-form, see figure 37.

7.5.6

Monte Carlo analysis of the EX(N)OR-gate

The transistors in the cells of figure 27 are matched in the same way as the transistors of the
(N)AND-gate in chapter 7.5.3. The only difference is that the NMOS-tree now contains six
transistors, instead of five in the case of the (N)AND-gate, therefore the fourth-line of the
Pstar-file will correlate six transistors instead of five. The rest ofthe Pstar-file will remain the
same.
It is not strange that the results are the same as those of the (N)AND-gates, because the two
gates are almost identical due to specifications, and Pstar-file. The differences are so small,
that I refer to figure 38 for the results.

7.5.7

DC-analysis of the Master-Slave Flipflop

The Maser Slave flipflop (figure 28) can be used perfectly for the recovery of a signal,
because the clock-signal is always a signal-source and is therefore not deformed which will
result in an optimal control of the lowest differential-pairs. The clock-frequency is minimum
twice the value of the signal-frequency (Nyquist), which gives the flipflop enough time to
create a reconstructed output-signal.
The outputs (gates of the left cross-coupled transistors) of the most left differential pair
(controlled by D and D') are tested by offering several input signals to the inputs D and D',
while keeping clock' at a high level. This test is done for several temperatures, and for
typical as well as for worst-case situation. The results are even better than the DC-tests for
the (N)AND-gate, see figure 35. These results are very predictable, because the (N)AND will
switch two cascoded differential-pairs at the same time, whereas the flipflop switches in this
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case only one differential-pair. When we hold the input signals D and D' at a constant value
and offer several signals to the inputs clock and clock', still one differential-pair will switch,
instead of two cascoded differential-pairs.

7.5.8

Transient-analysis of the Master-Slave Flipflop

The Master Slave Flipflop is tested in a different way then the other cells that are discussed in
this report. This is done because of the simplicity of the way of testing, see figure 29. The test
will represent a divide by two stage, which can be tested as N cascaded flipflops. The output
will see an input, which is his own input in this case, instead of the input of the next cell. The
next Pstar-file will be used for the tests,
circuit;
vbr_l (D. 0) 2.5;
vbr_2 (D', 0) 1.5;
end;

/*where 1.5 Volt is used (typical), I used 1.1 Volt for a worst-case test*!

transient;
t = an(O, lOOn, 200);
temp =-40, -20, 0, 20,40, 60, 80, lOa, 125;
E_clock = sinsq(1.5, 2.5, 1.5n, 0.5n, 1.5n. 0.5n, 4n);
E31ock' = sinsq(2.5, 1.5, 1.5n. O.5n, 1.5n, 0.5n, 4n);
file: E31ock. E_clock', vn(y), pwr(cell);
end;
run;

The first part of this Pstar-file defines the values of the inputs D and D' (and outputs, because
they are cross-coupled to the inputs) on t = 0 sec. After t = 0 this cell will act as a divide by
two stage, see figure 39.
VD(Volt)
2.5

~~----~----------------------+t~S~)

:tr

:tf

NtypPtyp

V CLOCK (Volt)

temp = 2S C
'tr = 0.43 nS~
'tf = 0.62 nS~
Q

I..----i---+---------------+t (nS~)
4
.'
4nS~

Figure 39 : The flipflop as two-divider
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The rise-time is measured from the moment that the clock-signal reaches half it's maximum
value till the moment that the output-signal reaches half it's maximum value. The fall-time is
measured in a similar way, see figure 39. The results of the rise- and fall-time are stated in
the above figure.
The power dissipation is measured with the command 'pwr(cell), in the Pstar-file, which
results in a similar figure as is stated in figure 37. The average power dissipation of the
flipflop (measured with Cgap) is approximately 200 IlWatt, which can also be calculated,
P =2· I bias • Vdd (because there are two tail-currents) =200 IlWatt.

7.5.9

Monte Carlo analysis of the M.S. Flipflop

Because this cell produces a very steady signal (the best of all the gates in this report) it is not
necessary to test this cell on matching-problems. When this cell is tested under worst-case
conditions (NfastPslow, temp = 125°C) the output-signal remains very steady.

7.5.10

DC-analysis of the Full-adder

The best way to measure the leakage current is to apply a constant value to the inputs C1 and
AI, see figure 30, and apply several input signals to the input Ao. This is a worst-case test,
because the low input-level will effect the lowest differential pairs the most which will result
in a differential pair with one transistor conducting and the other will conduct a little
(leakage current). This test will be done for several temperatures, NtypPtyp and the worstcase situation NslowPfast, the same Pstar-file will be used as in chapter 7.4. The figure that
results from these tests is similar to that of figure 35, which confirms the tests of chapter 7.4,
where the input signals are determined for the worst-case cell, namely the full-adder.

7.5.11

Transient-analysis of the Full-adder

The full-adder is tested in a similar way as the (N)AND- and the EX(N)OR-gate, namely in a
string of cascaded full-adders, see figure 31. As input I used the same Pstar-file as used in the
transient-tests of the (N)AND- and the EX(N)OR-gate. For a typical analysis (NtypPtyp) and
at a temperature of 25°C, the delay-times are
delay between the input-signal and the signal after one gate
delay between the input-signal and the signal after two gates
delay between the input-signal and the signal after three gates
delay between the input-signal and the signal after four gates

: 0.47 nSee (rise time)
: 1.09 nSee
: 1.82 nSee
: 2.52 nSec.

When we increase the temperature, the output-voltage will decrease while the delay-time will
increase. Under worst-case conditions (NslowPfast, temp = 125°C) the full-adder has an
output-signal which has a voltage swing of 1.4 Volt (2.5V - 1.1 V), see figure 34. Under
typical conditions (NtypPtyp, temp =25°C) the same full-adder has a voltage swing of 1 Volt
(2.5V - 1.5V), see also figure 34.
The power dissipation is measured with the Pstar-command 'pwr(eellN)', and the average
value is calculated with the Cgap calculator. When we calculate the power dissipation with
Cgap or as follows Vdd • 2 . I bias , both have the same result, namely 300 IlWatt. The shape of
the power dissipation is similar to that of figure 37.
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7.S.12

Monte Carlo analysis of the Full-adder

For this test I used the same Pstar-file as in chapter 7.5.3, with one difference, namely the
statistics-block. The PMOS-load-transistors are correlated to each other with a factor 0.8, the
cross-coupled transistors are also correlated with a factor 0.8 and the NMOS-tree is
correlated with the same factor. An even more realistic test was the test were I correlated
each differential pair of the NMOS-tree with a factor 0.8. After testing there were almost no
differences between the two tests measurable.
The output-signal after 9 gates is stated in the figure below.

Vout (V)

NslowPfast
Temp = 125°C

" - - - - - - - - - - - - - - . . t (nSec)
Figure 40 : output signal after 9 cascaded full-adders

From figure 40 we can see that all the different trails reach the 2.5 Volt and reach the 1.1 Volt
or lower.

7.6

MCML- vs. Standard CMOS power dissipation

In this chapter the full-adder, the Master Slave flipflop and the (N)AND are tested on their
power dissipation for several frequencies. After these tests, the same gates are copied from
the StClOOCoreLib (standard CMOS library) into an equivalent Cadence-design (built with
CWO-components) and tested in the same way. The results are plotted in a graph for every
gate, which will result in graph where the power dissipation vs. frequency is plotted for the
MCML- and the standard CMOS-version.
The full-adder, Master Slave flipflop and the (N)AND which were build in standard CMOS
are stated in appendix II. The EX(N)OR isn't used, because it is almost equivalent to the
(N)AND. All these standard CMOS-cells are build in a similar way as was done for the
MCML-gates, which are used to build a string of 10 cascaded cells, see appendix III.
The power dissipation of a standard CMOS-cell is linear to the frequency, but is also linear to
the number of branches which contain short-circuit currents. These aspects can be seen in the
next graph.
The power dissipation of the full-adder in MCML and Standard CMOS is stated in figure 41.

50

© Philips Electronics N. V.

Chapter 7: Designing and measuring

Power/cell (J.LWatt)

600 - - - - - ~ - ..... - .. - -:- - - - - - .. :. - - - - - - ~ ; - - - - - :
I

500

I

• •

-

........ -

,

-

-

-

-

NtypPtyp

Temp = 25°C

I

.............. -

.. -

-

-

- . - .. •

_..

- ... -

-

-

.. -

I

-

f
•

I
I
•
..I _ _ _ ... _ _ _ f .... _ _ _ _ _ ......... _ _ _ _ "

200

I

I
I

I

100

-

-

-

-

-

~

.. -

-

-

... -

I
... -

I
-

-

-

-

-

-1- _ _ _ _ _ _ ... _ _ -

-

_ _ to

I

0'"---10-0--2-0-0--3-00---4.....
00---500--......

fsignal

(MHz)

Figure 41 : MCMLfull-adder vs. Standard CMOS full-adder

From chapter 6.5 we know that the power dissipation of standard CMOS is linear with the
frequency, as can be seen in figure 41. The power dissipation of the MCML-cell remains
constant for a period of time, but during increasing frequency, the output signal becomes less
and less stable, and will finally decrease in voltage-swing, see figure 42. When this happens.
W/L-rate of the PMOS-load-transistors has to be increased, which results in an increase of
the bias-current to maintain the 1 Volt voltage-swing (typical circumstances). This
adjustment of the PMOS-load-transistors happens at a signal-frequency of approximately 300
MHz.

Vout (Volt)

freq 1 < freq2 < freq3
freq2 = 290 MHz

2.5 - - - - - - - - - - - :;,. -""-"-"~'"

";:-1

I' ,

,'/
"

.".1
1.5

t

freql
freq2
freq3

-"'--_.J

'"---------------------+ tl,2,3 (nSec)
Figure 42 : output-voltage reduction due to increasing frequency
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The same tests can be done for the MCML-inverter-string of figure 25, which will be
compared with the tests of an equal inverter-string which is build with standard CMOS(N)AND-gates. The standard CMOS 2-input (N)AND-gate is stated in appendix II and the
schematic of the inverter-string is stated in appendix III. While using the same Pstar-file as is
discussed in chapter 7.5.2, the next figure is achieved.
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Figure 43: MCML (N)AND vs. Standard CMOS (N)AND
The power dissipation of the EX(N)OR-gate shows an almost equal graph as the above graph
of the power dissipation of the (N)AND-gate, and is therefore not shown.
A very important gate is the master slave flipflop, because the MCML-version is relatively
small compared to the standard CMOS version (contains 9 branches), see appendix II, and
therefore the difference in the power dissipation between the MCML-gate and the standard
CMOS-gate will be larger compared to the other gates. The flipflop will be tested as a divide
by two stage, as is shown in figure 39. For the standard CMOS master slave flipflop the testschematic is shown in appendix III, and the cell-view is shown in appendix II. The cells are
tested with the Pstar-file of chapter 7.5.S. The power dissipation vs. the frequency for the
MCML- and the standard CMOS-master slave flipflop are shown in figure 44.
When we examine the three power dissipation-graphs it is obvious that the MCML master
slave flipflop is superior in low power dissipation. The standard CMOS (N)AND-gate
contains 2 branches and the standard CMOS full-adder contains 6 branches, but the standard
CMOS master slave flipflop contains 9 branches, which results in the highest power
dissipation. When we compare this to the MCML-versions, the master slave flipflop is
smaller (power dissipation, and number of transistors) then the full adder.
It can also be seen that the power dissipation of the MCML-flipflop remains constant for a
higher frequency then the other gates. this can be explained by the fact that the flipflop is
controlled by an ideal clock-signal, whereas the other cells are controlled by the outputs of
the previous cells (except the first cell, but this cell is ignored).
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Figure 44 : MCMLflipflop vs, Standard CMOS flipflop

7.7

Delay-time of standard-CMOS-cells

In this chapter the delay-times of the standard-CMOS (N)AND and the full-adder are
measured under typical conditions. These standard CMOS-cells are exactly the same as
discussed in chapter 7.6, and are used in the same string of cascaded cells. The (N)AND and
the full-adder are tested, because the (N)AND is the most simple cell in MCML, and the fulladder is the worst-case cell in MCML. The delay-times of the standard CMOS versions of the
(N)AND and the Full-adder are stated below.
Delay between inpu~-signal and the signal after one NAND

: 0.45 nSec (rise-time)

Delay between input-signal and the signal after two NANDs
Delay between input-signal and the signal after three NANDs

: 0.96 nSec

Delay between input-signal and the signal after four NANDs

: 1.95 nSec

Delay between input-signal and the signal after one full-adder

: 0.59 nSec (rise time)

Delay between input-signal and the signal after two full-adders

: 1.27 nSec

: 1.46 nSec

Delay between input-signal and the signal after three full-adders : 1.94 nSec
Delay between input-signal and the signal after four full-adders : 2.62 nSec
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Chapter 8 : Implementing the gates
8.1

Introduction

The gates are tested for all kinds of situations, but they were always tested in a string of
identical gates. The next test will detennine how the gates operate in a system application.
For this test an 8-bit Hilbert transfonner will be used. This Hilbert transfonner will then be
tested under typical circumstances, were I will put a certain bit-word on the inputs of the
Hilbert transfonner and check the output bit-words. When the output-words are correct, the
second test will consist of offering a sampled sinus-wave to the Hilbert transfonner.

8.2

Theory of the Hilbert transformer

The conversion of a DSB signal to a SSB signal can be accomplished by transfonning the
signal with a Hilbert transfonner, see figure 45.

, - - - - - -..... Re{Y(n)}
X(n)---I

1---+ Im{Y(n)}

Figure 45 : DSB to SSB conversion

The frequency response of an ideal Hilbert transfonner is given by
H1 (m) =

e

-j.!:. SgIl (m)

(EQ 33)

2

This is an aUpass filter which imparts a phase delay of TC/2 for positive frequency
components, and a phase advantage of TC/2 for the negative components. Thus, the output of
the filter contains only the upper sideband of the input signal, which can be seen in the
following expression
m>O
·X(m)
(EQ 34)
Y(m) = X(m)· [l+}.H/(m)] = 0
m<O
The impulse response of the ideal Hilbert transfonner can be retrieved by calculating the
inverse Fourier transfonn of the frequency response (33), which will result in

.

h/(n)

==

(2

[~in2('It.nl2)

n=O

(EQ 35)

('It ·nl2)

Note that hen) = 0 for all even n and h(-n) = -h(n). It is some what dangerous to call this filter
a Hilbert transfonner, because page 70 of [Law 75] shows that a Hilbert transfonner has the
following frequency response
(EQ 36)
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Which shows that the filter in this chapter is shifted in phase, further it is the same filter as
the original Hilbert. For the convenience the filter in this chapter will be called a Hilbert
transformer.

8.3

Designing the Hilbert transformer

The Hilbert transformer that will be build with the MCML-gates is an 8-bit Hilbert
transformer. The schematic of the 8-bit Hilbert-transformer can be seen in figure 46 .

.------------------.Q
input

-C2

DEC.
Cl =0.0625
C2 = 0.5625

+
~--------------------~I

Figure 46 : coarse schematic of the Hilbert transformer

When we implement the adders, substractors, registers and shifters into this coarse
schematic, a more detailed Hilbert transformer will be obtained. This more detailed Hilbert
transformer is a folded configuration, see figure 47.
The Hilbert transformer can be build in exactly the same way as is shown in figure 47,
because the components (adders and registers) are already in place. While building the
Hilbert we have to take into account that the Hilbert works according to the 2-complement bit
notation. The components Al and A2 are full-adders and the components SI and S2 are
substractors, which can be built with full-adders where the negative input (a + (-b» has to be
presented in a 2-complement notation, which means that the bits are inverted and there is 1b
(LSB) added. A shifter of 0.5 can be created by shifting the MSB to the MSB-l etc.
When I placed the cells (I used the cells as designed in chapter 7.3) in a schematic I made
sure that the clock-, ground-, powersupply- and the carry-lines are placed vertical, and placed
the signal-lines horizontal. When we take a look at the end design of the Hilbert transformer
in appendix IV, you can see that for every column of cells a bias-circuit is used, this can be
done because a column consists only of identical gates.
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out!

in

--....,~ Rll---.,..-----+-----~

R21---..-----+---IM

out2
~-----~Rllr_-------~

Figure 47 : Folded configuration of the Hilbert transformer

8.4

Testing the Hilbert transformer

The Hilbert transfOlmer (see appendix IV) will be tested in the following way,
o Put a bit-word at.the input of the Hilbert, and check the output. As an input I used the

bit-word 01111111b, and after three clock-pulses the first word appears at the output,
and after nine clock-pulses the last word will appear at the output. These words can be
calculated with the help of figure 47, and can be easily verified with the output-words.
The next Pstar input-file is used for this test,
transient;
t = an(O. 150n. 300);
E_CLOCK = sinsq (1.5,2.5, 3n, 0.5n. 3n, 0.5n, 7n);
E_CLOCKe == sinsq (2.5. 1.5, 3n, O.5n, 3n, O.5n, 7n);
E_bl = sinsq (1.5, 2.5. 25n, 0.5n, lOn, 0.5n); I*contains 2.5 Volt during 10nSec*/
E_blc == sinsq (2.5, 1.5, 25n. 0.5n, lOn, O.5n); /*contains 1.5 Volt during the same 10 nSee*/
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E_b7 =: sinsq (1.5, 2.5, 25n, O.5n, IOn,O.5n);
E_b7c = sinsq (2.5, 1.5, 25n, O.5n, lOn, O.5n);
E_b8 = 1.5;
E_b8c= 2.5;
file: vn(Dl), .. , vn(D9);
end;
run;

The output signals of the Hilbert transformer, while the above Pstar·file is applied, can be
seen in figure 48.

Figure 48 : output signals of the HilberNransformer

The output·words can also be determined from figure 47, which will result in the following
bit-words,
000000l11b
OOOOOOOOOb
OOlO00110b
OOOOOOOOOb
11 0 ll1000b
o OOOOOOOOOb
o 111111000b
o
o
o
o
o

These words can also be found in figure 48, so we can conclude that the Hilbert-transformer
is built correct, and operates correct.
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9.1

Introduction

In this chapter a layout of the cells (the dotted areas) as discussed in chapter 7.3 will be built.
After there are layouts created of the cells, these layouts are tested with two checksets,
namely with the Diva DRC check and the Diva LVS check. There are more checksets. but
they are not used in this report, because I had too little time left to do these checks. The
layouts of the (N)AND. EX(N)OR, Master Slave Flipflop and the Full adder are shown in
appendix V. In this chapter I will discuss how the layouts were build and the two used
checksets.

9.2

Creating a layout

For creating a layout of a schematic (the dotted area of a cell as shown in chapter 7.3) the
Device-Level Editor (DLE) under Cadence is used. DLE is a layout program that lets you
generate custom layouts from schematics. DLE compares the component connections in the
layout with the connections in the schematic. DLE is used to show shorts. invalid
connections, and incomplete nets. which helps to wire the design. By using DLE, the
transistors and the input- and output-pins are given in a layout-window. DLE also shows
which connections have to be wired to other connections. to create a layout of the used
schematic. In the layouts I used metall, metal2. meta13 and poly paths to wire the layout. The
input-pins "load", "Vdd". "Vss" and "bias" are stretched vertically in the design and are
made of meta13. where the rest of the input- and output-pins are placed as small pins below
each other, and are made of metall (see appendix V). In this way identical cells can be placed
above each other. because we can use the same bias-lines which can be placed through an
entire column of cells. The other wiring is placed in a horizontal way through the design, and
cannot interfere with the bias-lines, because the bias-lines are made of meta13. where the rest
of the wiring is made of metal2, metall or poly. Beside the input-pins "Vdd", "Vss", "load"
and "bias". meta13 isn't used in the layouts.
When all wires are placed. the layout is tested with the Diva DRC check. which is discussed
in chapter 9.3. When this DRC check is successful, the LVS check is applied. If this LVS
check is successfully the connectivity of the layout and the schematic match. More
information about this LVS check is given in chapter 9.3.

9.3

Used checksets

The first test that will be applied during the design of the layout (and when the layout is
ready) is the Diva DRC check. The DRC checks a layout for design rule violations. When
errors occur in the layout. these errors can be seen in the layout. because they are highlighted
in the layout. I used a fiat checking method, which means that all shapes, regardless of the
hierarchy, in the layout are checked.
The next check is the Diva LVS check. which is not 100% save because it does not perform
any device recognition. To guarantee a correct LVS check also Dracula LVS must be done.
This is not done in this report because there wasn't enough time available. Before the LVS
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check can be done the layout must be extracted. This extraction step detects the connectivity.
The LVS program runs on the extracted view. For running this LVS check several files have
to be set, this information about the use of LVS and it's settings can be found in [ClO 95].
After successful extraction the actual LVS can be done. With Diva LVS the connectivity of
the schematic is checked against the connectivity of the layout. For both views netlists are
created and the netlists should match.
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Chapter 10 : Conclusions
The MCML design method fulfils the demands that were stated in the beginning of this
research. The spikes on the powersupply by MCML are approximately 20 times smaller than
is the case with standard CMOS, measured for a 2-input (N)AND-gate. These spikes were
also measured with the other gates, but are not mentioned in this report, because they are
almost the same.
Another important issue is the power dissipation of the MCML-gates, which is lower than
with standard CMOS designs. The MCML full adder dissipates less power than the standard
CMOS full adder for the frequencies between 230 MHz and 420 MHz. The maximum power
difference between the two full adders is 130 J,lW per full adder, at a clock frequency of 340
MHz. The MCML (N)AND dissipates less power than the standard CMOS version in the
frequency range between 200 MHz and 420 MHz. The maximum difference is 90 J,lW per
cell. The Master Slave Flipflop shows the largest difference, namely 500 J,lW per cell at 350
MHz. The MCML flipflop dissipates 200 J,lW at this frequency. The MCML flipflop
dissipates less power than the standard CMOS version between the 130 MHz and the 450
MHz.
When we take a look at the delay-time of an MCML design and a standard CMOS design at a
signal frequency of 126 MHz, the MCML design is approximately 30% faster than the
standard CMOS design. This is an average value between the (N)AND and the full-adder.
The MCML design method uses differential signals whereas the standard CMOS design
method does not. These differential signals have the advantage that inverters are no longer
necessary. An inverter can be created by interchanging the two differential signals. When we
take a look at the transistor-count of the MCML-gates and the standard CMOS gates, they
have an approximately equal transistor count. A schematic which is build with MCML-gates
has the advantage that there are no inverters needed. Therefore an MCML design will count
less transistors than standard CMOS design. A disadvantage of an MCML design is the use of
bias-circuits, which contain a current-source and three transistors. For every type of gate
(M.S.ftipflop or full adder etc.) a different bias-circuit can be used (except for the (N)AND
and the EX(N)OR).
Another advantage of MCML is the calculation of the power dissipation, which can be
calculated with a simple formula, whereas the calculation of the power dissipation of a
standard CMOS design is very complex.

60

© Philips Electronics N.V.

Chapter 11: Acknowledgement

Chapter 11 : Acknowledgement

The graduation project was perfonned at Philips Research Laboratories in Eindhoven. I
would like to thank prof.drjr. R.J. van de Plassche for giving me the opportunity to do this
graduation project and for his support and co-operation during the project.
I also wish to thank ing. G.C.M. Gielis. ir. A.G.W. Venes, ir. P.G.M. Baltus and all the other
members of Research Group Brandsma who have been helpful in this project for their support
and tips with respect to the design and the design environment.

© Philips Electronics N.V.

61

Chapter 12: References

Chapter 12 : References
[No} 95]

T.G. Noll, Low-Power Strategies for High-Perfonnance CMOS Circuits.
IEEE Journal of Solid-state Circuits, vol. 30, no. 1, page 72 - 83, jan. 1995.

[Was 91]

RF. Wassenaar and B. Nauta.
Analoge CMOS Basisschakelingen, version 1.2., jan. 1991
Chiptronic consultancy, Almelo, tel. 05490-25348

[Vee 84]

H.J,M, Veendrick, Short-Circuit Dissipation of Static CMOS Circuitry
and Its Impact on the Design of Buffer Virvuits, IEEE Journal of Solidstate Circuits, vol. sc-19, no, 4, page 468 - 473, aug. 1984.

[Law 75]

RR Lawrence and B, Gold
Theory and application of digital signal processing
Prentice-hall, inc. Englewood Cliffs, News Jersey, 1975

[ToI93]

Tolerance Analysis with Pstar, first edition, 1993
document code: 4322 271 21208.
Philips Electronic Design & Tools Analogue Simulation Support Centre

[Pra 90]

J, van Praet and M, Vandecasteele
Digitale beeld- en geluid:;verweking aan 1 GHz,
Katolieke Universiteit Leuven (Belgium) 1989/ 1990
Doctoral dissertation

[CIO 95]

CIOO analog library manual, Philips Semiconductors Library manual.
Doc,number: RNR_40DS/CIOOb.02, version 2.0, 10 january 1995.

[Aco]

Acosta, AJ. and M. Yalenci~ ABarrig~ M,J. Bellido, JL. Huertas.
SODS: A NEW CMOS DIFFERENTIAL-TYPE STRUCTURE.
Depto. de Disefio de Circuitos Anal6gicos, Centro Nacional de MicroelectronicaUniversidad de Sevilla, Edifico CICA, C/farfia sin, 41012-Sevilla, SPAIN.

[Par 94]

Pararneswar A and H. Hm:a, T. Sakurai.
A HIGH SPEED, LOW POWER, SWING RESTORED PASS-TRANSISTOR
LOGIC BASED MULTIPLY AND ACCUMULATE CIRCUIT FOR MULTIMEDIA APPLICATIONS.
IEEE 1994 INTEGRATED CIRCUITS CONFERENCE
P. 12.5.1-12.5.4.

[All 93]

Allstot. D.l. and S.H. ~, S. Kiaei, M. Shrivastawa.
FOLDED SOURCE-COUPLED LOGIC VS. CMOS STATIC LOGIC FOR LOWNOISE MIXED-SIGNAL ICs.
IEEE Transactions on circuit and systems-I: Fundamental theory and applications, vol. 40 (1993), no. 9.

© Philips Electronics N.V.

63

Chapter 12: References

[Kum 94]

Kumar,R.
NCMOS : A HIGH PERFORMANCE CMOS LOGIC.
IEEE JOURNAL OF SOLID-STATE CIRCUITS, vol. 29 (1994), NO.5, p. 631-633.

[Raz 94]

Razavi, B. and Y. Ota, R.G. Swartz.
DESIGN TECHNIQUES FOR LOW-VOLTAGE HIGH-SPEED DIGITAL BIPOLAIR CIRCUITS.
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 29 (1994), NO.3,
p.332-339.

[Kern 94]

Kempainen, S.
LOW-VOLTAGE-SWING CMOS DRIVES l00MHZ BUS.
ELECTRONIC DESIGN, Maart, 1994, p. 67-72.

[Lee 93]

~,

M. and M. Fujishima. K. Asada.

A HIGH SPEED AND LOW POWER ON CMOS/SOI TECHNOLOGY.
IEEE TRANSACTIONS ON ELECTRONIC DEVICES, VOL. 40 (1993), NO. II,
p.2103-2104.
[Suz 93]

Suzuki, M. and N. Ohkubo, T. Shinbo, T. :Yamanaka, A. Shimizu, K. ~,
T. Nakagome.
A 1.5-ns 32-b CMOS ALU IN DOUBLE PASS-TRANSISTOR LOGIC.
IEEE JOURNAL OF SOLID-STATE CIRCUITS,vOL 28 (1993), NO. 11,
p. 1145-1151.

[Gil 93]

Gilbert, M. and L. Sledjeski.
DESIGNING WITH LOW VOLTAGE LOGIC.
ELECTRONIC ENGINEERING, JUDi 1993, p. 75-78.

[Yam 93]

Yamaguchi, Y. and A. Ishibashi, M. Shimizu. T. Nishimura. K. Tsukamoto,
K. Horie.
A IDGH-SPEED 0.6-j.UIl 16K CMOS GATE ARAY ON THIN SIMOX FILM.
IEEE TRANSACTIONS ON ELECTRONIC DEVICES. VOL. 40 (1993). NO.1,
p. 179-184.

[Nak 93]

Nakagome, Y. and K.ltQh, K. Takeuchi, M. Aoki. M. ~
SUB-l-V SWING INTERNAL BUS ARCmTECTURE FOR FUTURE LOWPOWER ULSI'S.
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 28 (1993). NO.4,
p.414-419.

[Shi 93]

Shimohigashi, K. and K. Seki.
LOW VOLTAGE ULSI DESIGN.
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 28 (1993), NO.4,
p.408-413.

[Nak 92]

Nakagome, Y. and K.ltQh, K. Takeuchi. M. Anki.
SUB-l-V SWING US ARCmTECTURE FOR FUTURE LOW-POWER ULSI's.
1992 Symposium on VLSI Orcuit Digest of Technical Papers,
p.82-83.

64

© Philips Electronics N. V.

Chapter 12: References

[Dav 92]

Davari. B. and W.H . .cllimg, K.E. Petrillo, C.Y.~, D. MQI, Y. I&!!,
R Matthew, M.R Wordeman, M.R Polcari.
A HIGH-PERFORMANCE 0.25-1J1Il CMOS TECHNOLOGY II.
IEEE TRANSACfIONS ON ELECTRON DEVICES, VOL. 39 (1992), NO.4,
p.967-973.

[Woe 92]

Woerlee. P.H. and C.A.H. luffel1Ilans, H. Litka, W.H. Manders. H.G. fmml.
DEVICE CHARACTERISATION OF A HIGH-PERFORMANCE 0.25 J1m CMOS
TECHNOLOGY.
Microelectronic Engineering 19 (Elsevier), 1992,
p.21-24.

[Hog 92]

Hogervorst, R and RJ. Wiegerink, P.A.L. Jong de, J. Fonderie.
CMOS Low-Voltage Operational Amplifiers with constant -GM Rail to Rail Input
Stage.
IEEE J. OF SOLID-STATE CIRCUITS VOL. 28 (1992), NO.4, p .. 2876-2879.

[Pas 91]

Pasternak, J.H. and C.A. Salama.
DESIGN OF SUB MICROMETER CMOS DIFFERENTIAL PASS-TRANSISTOR
LOGIC.
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 26 (1991), NO.9,
p. 1249-1258.

[Yan 90]

XilD2, K. and T. Yamanaka. T. Nishida, M . .s.m.to., A. Shimizu.
A 3.8 ns CMOS 16X16-b MULTIPLIER USING COMPLEMENTARY PASSTRANSISTOR LOGIC.
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 25 (1990), NO.2,
p.388-395.

[Dav 88]

Dayarl, B. and W.H. .cllimg, M.R Wordeman, C.S. Qh, Y. Taur.
A HIGH PERFORMANCE 0.25 IJ1Il CMOS TECHNOLOGY.
56-IEDM 88 (IEEE), p. 56-59

[Cha 88]

Chapman, RA. and C.C Wei, D.A. Bell, G.A. Brown, RA. ~.
0.5 MICRON CMOS FOR HIGH PERFORMANCE AT 3.3V.
52-IEDM 88 (IEEE), p. 52-55.

[Pas 87]

Pasternak, I.H. and A.S. Shubat. T. Salama.
CMOS DIFFERENTIAL PASS-TRANSISTOR LOGIC DESIGN.
IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. sc-22 (1987), NO.2,
p.216-222.

[Mas 92]

Maskai, S.R and S. Ki.&ti.. D.l. Allstot
SYNTHESIS TECHNIQUES FOR CMOS FOLDED SOURCE-COUPLED LOGIC
CIRCUITS.
IEEE Journal of solid-state circuits, vol. 27 (1992), no.S.

© Philips Electronics N.V.

65

Appendix /: The full adder with two cascoded differential pairs

Appendix I: The Full adder with two cascoded differential pairs

.... ",7

This figure shows the full-adder when it is build with two cascoded differential pairs.
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Appendix II: Standard CMOS designs
The next figure shows an inverter which is build with a (N)AND-gate, retrieved from the
StClOOCoreLib. The inverter is added to retrieve an AND- and a NAND-gate, the MCML
version also contains the AND and the NAND operation.

A . .-~--t-<.,

Cc ILl!
4.2111.5
Fold-2

Vss

The next figure shows a Full-adder which is retrieved from the StClOOCoreLib
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The next figure shows a Master Slave Flipflop which is retrieved from the StClOOCoreLib

-

VOId

Q

o

-
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Appendix III: Cascading of the standard CMOS designs

The standard CMOS full adder-cells are cascaded in the following way, which is identical to
the cascading of the MCML-full-adder.

The standard CMOS (N)AND-cell is also cascaded in exactly the same way as the MCML(N)AND-cell. The standard CMOS Master Slave Flipflop is also cascaded in the same way as
the MCML-Master Slave Flipflop is cascaded.
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Appendix IV: The 8-bit Hilbert-transformer
, build with the cells form chapter 7.3 is shown below

•
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Appendix V: Created layouts

The next figure shows the layout of an MCML 2-input (N)AND-gate, see the dotted area of
figure 24.
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Appendix V: Created layouts

The next figure shows the layout of an MCML 2-input EX(N)OR-gate, see the dotted area of
figure 26.
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The next figure shows the layout of an MCML Master Slave Flipflop-gate, see the dotted area
of figure 28.
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The next figure shows the layout of an MCML Full adder, see the dotted area of figure 30.
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