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Abstract

MOS Current-Mode Logic (MCML) is a low-noise alternative to CMOS logic for mixed- 

signal applications. If properly designed, MCML circuits can achieve significant power 

reduction compared to their CMOS counterparts at frequencies as low as 300MHz. MCML 

logic has, however, fallen out of favor because of its high design complexity and the lack 

of automated design and optimization tools.

In this work, simple and accurate propagation-delay models for MCML circuits, that are 

suitable for mathematical programming, have been developed and verified. The models are 

based on a modified version of the differential-pair MCML universal gate. The modified 

universal-gate performance has been compared to the standard universal gate topology. 

Simulations have shown that the modified universal gate has better DC symmetry, lower 

switching noise and higher operation frequency.

When compared to simulation results, the proposed delay model has an average error 

of about 3.7% and a maximum error of 12%. The proposed model has significantly reduced 

the complexity of the MCML universal-gate optimization problem. When compared to the 

most recent work, the proposed model has reduced the number of optimization variables 

from 7N+1 to iV-fl, where N  is the number of logic gates in the optimization problem. The 

optimization problem constraints have also been reduced from 5N  to only one constraint. 

The model has been successfully implemented to optimize a T bit ripple-carry adder and 

an 8-bit decoder. Numerical tests show that the proposed optimization program produces 

the global solution regardless of the initial guess.
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Chapter 1 

Introduction

1.1 T hesis M otivation

A major problem that hinders the advancement towards complete System-on-Chip inte

gration is the switching noise that is generated by digital circuitry. The International 

Technology Road map for Semiconductors (ITRS) has stated in its 2005 report on Radio 

Frequency and Analog /Mixed-Signal Technologies for Wireless Communications tha t “As 

the integration density and the operation frequency increase, protection of noise sensitive 

analog circuits from noisy digital circuits will become increasingly difficult” [1].

MOS Current-Mode Logic (MCML) is a promising alternative to conventional CMOS 

for mixed-signal applications. Many efforts were exhausted to realize the potential of 

MCML [2] [3] [4] [5] [6] [7] [8]. Even though MCML has been shown to dissipate less 

power than CMOS at operation frequencies of more than 300 MHz [7], designers were 

reluctant to exchange MCML for CMOS. The high complexity of MCML and the lack 

of automation tools made it impossible to produce robust and power efficient designs 

while maintaining low cost and reasonable time-to-market. To entertain this problem, a 

number of attempts to automate MCML design and optimization were carried with varying 

success [3] [5]. In conventional CMOS logic, robustness is an inherent characteristic and 

for most applications, the major objectives in any optimization procedure are the delay, 

area and power dissipation, which can be expressed in simple forms in terms of transistor 

dimensions and process parameters. The case for MCML design is different, since the gate

1
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2

has an analog topology, where robustness is hard to achieve and requires imposing tight 

constraints. The constraints include internal node voltages and currents, which do not only 

degrade the accuracy of any model, but also complicate the model and put a burden on the 

optimization tools. This is as far as equation-based tools are concerned. Simulation-based 

tools will not fare any better as this type of optimization is only suitable for small scale 

designs [9].

On the same topic of robustness, the MCML universal gate, which is a popular MCML 

topology due to its versatility and relative small size, has an asymmetric topology. The 

asymmetry of the gate degrades the overall circuit performance and increases the complex

ity of any potential MCML model for use in design automation.

1.2 T hesis O bjectives

The purpose of this work is to develop a feasible automation method th a t would allow 

designers to conveniently implement designs in MCML with time-to-market comparable to 

conventional CMOS. This allows the designers to explore different implementation options, 

and thus, accommodate different performance requirements.

1.3 T hesis O rganization

In the next chapter, MCML is introduced. The discussion includes the general operation, 

performance requirements, problems associated with the logic and a brief review of the 

various MCML topologies.

Chapter 3 discusses the different approaches in VLSI optimization and an introduction 

to the fundamentals of numerical optimization. The chapter also defines some terminologies 

and metrics used in mathematical optimization. In Chapter 4, the universal gate operation 

and performance are assessed to develop a better understanding of the logic gate. A 

modified topology of the standard universal gate is then examined and compared to the 

standard universal gate in terms of robustness and performance.
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3

Chapter 5 objectives are to develop and verify a simplified delay model by exploiting 

the symmetry and the performance constraints of MCML gates. In Chapter 6, the delay 

model developed in Chapter 5 is modified to be used in an efficient mathematical program 

suitable for the automatic design and optimization of large MCML designs. The program 

is constructed and tested in a design with 144 transistors. Chapter 7 provides a conclusion 

of the thesis, suggestions for improvement and ideas for future work.
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Chapter 2 

Background and Theory

2.1 M CM L B asic O peration

MOS Current-Mode Logic is a digital implementation of the differential amplifier. As 

illustrated in Figure 2.1, the logic is realized by completely switching the current from one 

branch to the other. In contrast to the analog differential amplifier, MCML is intended to 

work in the nonlinear region.

-Out Out

I n i - I n i

In n •In n

Figure 2.1: Basic MCML operation

4
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5

The circuit is composed of a logic realization network, usually a set of differential-pair 

or differential-pairs organized in a certain configuration to steer the current in one branch 

and switch off the other based on the input combination applied. The output voltage levels 

are Vh = Voo at logic High and VL = VDD — A V  at logic Low where A V  = Iss x R  is 

the logic swing. The load resistance can be replaced by an active load such as a PMOS 

transistor operating in the linear region. The tail-current I ss is controlled by a transistor 

operating in the saturation mode.

2.2 M CM L A dvantages

All MCML advantages are attributed to its differential nature: Firstly, a differential topol

ogy has high immunity to common mode noise. Secondly, differential signaling doubles the 

effective voltage swing which has a direct relationship with the noise margin. The improve

ment in noise immunity and noise margin allows designers to  trade excess noise margin for 

voltage swing. Reducing the voltage swing directly improves the delay according to

D = ^  (2.2.1)
J-ss

where C  is the capacitance seen at the output. A major source of switching noise is 

the sudden and drastic current change in the supply lines causing effects such as ground 

bounce and charge injection into the substrate. Contrary to CMOS, the current sink in 

MCML gates provides a steady current regardless of the switching activity making MCML 

a mixed-signal environment friendly alternative.

2.3 M CM L D isadvantages

Ironically, MCML’s most important advantage happens to be its worst disadvantage. The 

static DC current which is responsible for the quiet operation of MCML causes the gate 

to bleed excess power even when the gate is idle. The picture is still bright, however. The 

only source of power dissipation in MCML gates is the static power and is expressed as
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Pmcml — hs  x Vdd- CMOS, on the other hand, dissipates static power, due to charge 

leakage, and dynamic power during switching. As the feature sizes become smaller, the 

static leakage becomes more problematic. The dynamic power dissipation is due to the 

charging and discharging of the output capacitance. The dynamic power dissipation in 

CMOS is expressed as

Pcmos =  xfcC LV lD (2.3.1)

where x  is the switching activity, f c is the clock frequency and Cl is the capacitance seen at 

the output node. The power dissipation is directly proportional to the operation frequency. 

Figure 2.2 shows the power dissipation against frequency for MCML and conventional 

CMOS.

CMOS NAND3 and equivalent MCML -  Delay = 37ps
900

-  -  CMOS 
  MCML

800

700

$  600

500

400

300

200
100 200 300 400 500 600 700 800 900 1000

Frequency (MHz)

Figure 2.2: MCML and CMOS power dissipation versus frequency [T]

The conventional knowledge is that the frequency at which MCML gates dissipate less 

power than their CMOS counterparts is in the GHz range. It is reported in [7] that the 

MCML implementation of a pipelined CORDIC DSP unit shows 30% less power dissipation 

than its CMOS counterpart implementation at 300 MHz. Thus, by properly designing
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every MCML gate in the design, the power dissipation may be cut considerably. The lack 

of automated design and optimization tools for MCML circuits, however, means that the 

optimization must be done using time consuming simulations. This is a very costly process, 

especially for large circuits.

2.4 M O SFET M odels

2.4 .1  T hreshold  V oltage

Threshold voltage marks the point at which strong inversion occurs in the MOSFET chan

nel. In NMOS devices, strong inversion occurs when the surface of the p-type semiconduc

tor under the gate oxide inverts to n-type due to high accumulation of electrons under the 

influence of the positive potential on the gate terminal. Threshold voltage is a function 

of the potential across the device terminals and several material related parameters. The 

threshold voltage can be expressed as [10]

V t =  Vto + 7 ( \ / | ( —2)| 4>f  + V s b  — y / \ 2 < p p \ )  (2.4.1)

where Vto is the threshold voltage when the source-bulk voltage Vsb  =  0, <Pf is the Fermi 

potential and 7 is a parameter that expresses the effect of the change of Vsb  on Vt  •

2.4 .2  D C  C urrent

The MOSFET DC current in the linear region of operation is expressed as [10]

(2.4.2)

where W  and L  are the MOSFET channel width and length respectively, Vqs is the voltage 

drop between the gate and the source terminals and VDs is the drain-to-source voltage. 

The parameter kn is the process transconductance parameter and is given by

(2.4.3)
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In the saturation region, the MOSFET static current is given by [10]

Id =  kn— (yas — Vr)2( 1 +  A Vds) (2.4.4)

where A is the channel length modulation parameter and is related to velocity saturation

in short channel devices.

To account for velocity saturation and mobility degradation in today’s short channel 

devices, the alpha power-law has been proposed in [11] as

Id = k J ^ { V GS -  VT)a(l + XVDS) (2.4.5)

The power index a  is called the velocity saturation index and is about 1.3 for most new

short channel devices.

2 .4 .3  M O S F E T  C apacitance

There are two main groups of parasitic capacitance in the MOS transistor. The gate 

capacitance, which is due to the gate oxide, and the junction capacitances in the depletion 

region between the drain region and the bulk, between the source region and the bulk, 

and between the channel and the bulk. Table 2.1 lists the average distribution of the 

MOSFET gate parasitic capacitance in the different regions of operation. The capacitances 

are expressed as functions of the transistor gate width W , length L, gate oxide capacitance 

Cox in F /m 2 and the gate to drain overlap capacitance in F /m  [10].

Table 2.1: Average distribution of MOS gate capacitances for different operation regions
[9]

Region Cgcb Cgcs Cgcd Cgc Cg

Cutoff CoxW L 0 0 CoxWL CoxWL +  2CaW

Linear 0 C ^ W L /2 CoxWL/2 CoxWL CoxW L  +  2 C0W

Saturation 0 (2/3 )CoxW L 0 (:2/3)CoxWL (2/S)C0XW L  + 2C0W

The junction capacitances which were not listed in Table 2.1 are the drain-to-bulk and
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source-to-bulk junction capacitance. The drain to bulk capacitance is given by Cdb = 

CjzW + Cjsw(2z + W)  [10], where C:j is the junction capacitance per unit area, Cjsw is 

the side wall junction capacitance per unit perimeter and z is the drain extension. The 

source-to-bulk capacitance has a similar expression. The junction capacitance is a strong 

function of the bias across the depletion region.

2.5 Perform ance M etrics

In this section, all performance metrics will be quantified by assuming the square-law model 

from equation 2.4.4 is used.

2.5.1 G ate D ela y

The logic gate propagation delay is defined as the duration between 50% of the input signal 

to 50% of the output. The propagation delay is usually estimated as

D  =  T-LH +  T-" L (2.5.1)
2

where tplh  and t p h l  are the rising and falling propagation delays. The rising propagation 

delay tplh  is illustrated in Figure 2.3 .

50% AV

Tp l h

Time

Figure 2.3: Definition of rising propagation delay
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To calculate the propagation delays, digital networks are usually modeled as first-order 

R C  circuits like the one shown in Figure 2.4 . When a step input is applied the circuit 

transient response is an exponential function given by [12]

=  K o(l -  e - t/r) (2.5.2)

where is the output steady state voltage after a long time and r  is the circuit time 

constant RC. The time for the output to reach the 50% point is t — r  x ln(2) = 0.69r .

Vj

*  V,out

Figure 2.4: First-order RC network

2.5 .2  A C  G ain

The AC or small-signal gain is an important measure of the circuit behavior during tran

sition and has a direct effect on the gate noise margin.

For the MCML inverter in Figure 2.5, the small-signal gain is [13]

A v =  gmR  (2.5.3)

where gm is the MOSFET small-signal transconductance. The small-signal gain must be 

high enough to produce a healthy noise margin. The noise margin of MCML circuits is 

discussed in Section 2.5.4 .
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Out

Ml M2

Iss

Figure 2.5: MCML inverter
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2 .5 .3  D C  G ain

The DC or large-signal gain gauges the gate’s ability to propagate the logic value and 

preserve its voltage levels. In analog applications, decoupling capacitors are used to insure

stages, that is as long as the small-signal behavior is consistent. In MCML, the output of 

one stage is directly connected to the input of the next.

Assuming a square law model is used for the saturation current, the DC gain of an 

MCML inverter is expressed as [12]

Equation 2.5.4 suggests that the relationship between the gate’s DC gain, delay and 

power dissipation is a competitive one. Increasing the gain requires either increasing the 

tail-current, the load resistance or both. Any of these options will also increase the voltage 

swing. This leads to the conclusion that the DC gain is directly proportional to the logic 

gate voltage swing. This is the reason why DC gain is designed to be slightly higher than 

one, that is, just enough to guarantee correct operation.

2 .5 .4  N o ise  M argin

The noise margin is an important metric of the logic gate robustness. Noise margin is the 

amount of noise that can be sustained at the input without causing the output to switch. 

For an MCML inverter, the noise margin is expressed as [14]

A noise margin of 0.4AC or higher is desirable and can be achieved by having a small-

that the DC level of the output of one stage does not affect the performance of the next

(2.5.4)

(2.5.5)

signal gain of 2 or higher. Figure 2.6 shows the noise margin as a percentage of the voltage 

swing versus the small-signal gain.
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1.5 2.5 3.5 4.5
AC Gain

Figure 2.6: Noise Margin versus small-signal gain

2.5 .5  V oltage Sw ing R atio

Ideally, MCML NMOS transistors act as perfect switches steering all the DC current from 

one branch to the other. In reality, however, only a portion of the tail-current is switched 

back and forth leaving some current to flow in the ’off’ branch. The Voltage Swing Ratio 

(VSR) is the ratio between the current in the ’on’ branch to the tail-current Ias . A 100% 

VSR ratio is desirable, but achieving such a high ratio requires large transistors widths. 

This in turn causes a substantial drop in speed. A small VSR on the other hand degrades 

the gate DC gain and causes the signal to fade as it passes through the stages.

A VSR of 95% guarantees healthy operation with reasonable circuit speed [3]. If the 

square-law model is used to estimate the transistor DC saturation current, then

= (2.5.6)
Iss

where Vos  is the drain-source voltage of the differential-pair.
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2.6 M CM L U niversal G ate Topologies

The MCML universal gate can realize all the basic logic operations (AND/NAND/OR/NOR) 

simply by interchanging the positive and negative inputs and outputs. For example, an 

AND gate can be made into a NAND gate by taking the negative output as the positive 

one and vice-versa. This section provides a quick survey of the common topologies used to 

construct a universal gate.

2.6 .1  D ifferential-pair U n iversa l G ate

Figure 2.7 shows the standard MCML universal gate, the most common universal gate 

topology. This circuit has a simple structure and has good delay and signal waveform in 

low to mid-range frequencies. This logic gate, however, has an asymmetric topology. The 

right branch in Figure 2.7 has only one transistor between the output node and the current 

sink, while the other two paths, M3-M1 and M4-M1, have two transistors in series. This is 

the main reason why this gate fails at high frequencies. To solve the symmetry problem, 

a transistor is added between the right branch output and M2. Chapter 4 is devoted to 

assessing the benefits of this modification to the differential-pair universal gate.

2.6 .2  N on-D ifferen tia l U n iversa l G ate

The Non-differential universal gate is shown in Figure 2.8. This topology has close re

semblance to Pseudo NMOS logic, except it is differential. The term Non-differential here 

is not intended to describe the signaling mode, but the topology of the gate. Conven

tionally, the complementary signals are connected to source-coupled transistors as in the 

differential-pair universal gate in Figure 2.7 and the MUX-based universal gate in Figure 

2.9. The drawbacks of this topology include the asymmetry between the two branches and 

the low noise-immunity compared to the differential-pair topology [15]. The topology has 

less immunity to noise because of the asymmetry of the gate, which in tern degrades its 

Common-Mode-Rejection.
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-O u t Out

B ~B
M3 M4

Vd

A -A
Ml M2

Figure 2.7: MCML Differential-pair universal gate
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T Ydd

Rd Rd

-Out • Out

S ~B

Q Iss

Figure 2.8: MCML Non-Differential-pair universal gate
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2.6 .3  M U X -b ased  M C M L U n iversa l G ate

The MUX-based universal gate is shown in Figure 2.9 . Depending on the inputs configu

ration, this circuit, originally a multiplexer, can realize the universal gates functions. The 

MUX based universal gate has good symmetry but is prone to undesired leakage current 

through the path M5-M2 when the input signal slopes are finite. The gate is also slower 

than the previous ones because of the increased capacitance, both at the input and the 

output. The input drives two transistors instead of one. Chapter 4 provides a detailed 

comparison between the various universal gate topologies.

Out

M3 M4

~A
M l M2

Figure 2.9: MUX-based MCML universal gate

2.7 O ther M CM L T opologies

In this section, some of the alternate topologies that were proposed to address specific 

issues in MCML are presented.
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2.7 .1  D yn am ic CM L

Dynamic Current-Mode Logic (DyCML) has been proposed in [4] to solve the static power 

dissipation problem in standard MCML. DyCML is a dynamic logic implementation of 

MCML. Figure 2.10 shows a DyCML gate. The operation of DyCML is as follows. In the 

pre-charge phase, the clock is low and thus, transistors M2, M3 and M4 are turned on. 

Thus, causing the outputs to rise to VDD and capacitor C l to discharge to ground. In the 

evaluation phase, the clock is high, and M2, M3 and M4 are turned off, and hence, closing 

the path from C l to the ground. Depending on the input combination, chargees will flow 

from one of the output nodes to the capacitor C l which acts as a current sink. The PMOS 

transistors, M5 and M6, act as a latch to preserve the logic value. It has been shown in [4] 

that DyCML can achieve significant power reduction over the standard MCML. Problems 

with this topology include increased design complexity and switching noise.

M4 M6

Out Out

I n i -In  I
MCML Logic

In n

CLK Ml

-CLK ClM2

Figure 2.10: Dynamic CML style
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2.7 .2  P o s it iv e  Feedback Source-C oupled  Logic (P F S C L )

Figure 2.11 shows a PFSCL gate. PFSCL is realized by connecting a single-ended MCML 

gate in a feedback configuration.

in

Rd

Ml

Out

M2

Figure 2.11: Positive Feedback Source-Coupled Logic

The gate is shown to achieve better delay for the same power dissipation when compared 

to standard MCML [16]. PFSCL is, however, operated as a single ended gate which 

degrades its noise immunity in comparison to the differential circuits.
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Chapter 3 

Optim ization

3.1 VLSI O ptim ization

In this section, we briefly discuss some of the techniques used to optimize high performance 

digital circuits. One can achieve maximum reward by exploiting the capabilities of the op

timization tools. This can be done by carefully crafting the circuit models and constraints, 

taking into account optimization theory and procedures. Depending on the constraints on 

accuracy and the available resources, one can choose between two approaches: An accurate 

model that is hard to solve, or a heuristic model with poor accuracy but is easier to solve. 

The first approach describes what is known as dynamic tuning.

Dynamic tuning uses a feedback loop with a time-domain circuit simulation in the 

middle. A typical dynamic tuning flow is shown in Figure 3.1 . The cycle starts with a 

simulation run with the tunable parameters set to initial values. The information from the 

simulation are then fed to a nonlinear optimizer which calculates the component values 

that will improve the circuit performance. The results from the optimizer are then used 

to reset the tunable parameters and the cycle is repeated. Convergence is measured by 

sufficient stationarity combined with sufficient feasibility [9]. The results are sufficiently 

stationary when the amount of change in the results from one iteration to the next is less 

than some specified value. Sufficient feasibility is achieved when all the design constraints 

are met within some tolerance margin. Dynamic optimization is accurate, but involves 

time consuming simulation runs. Careful specification of the test signals is also required.

20
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JiffyTunes, a dynamic tuning tool developed by IBM, was reportedly able to tune logic 

circuits with 4218 tunable transistors [17].

Static tuning, on the other hand, is an equation-based approach. The circuits are 

represented by a set of relatively simple functions that express the circuit performance 

metrics. These functions are then used to construct a mathematical program. Based on 

the problem type and size, an appropriate solver is selected to optimize the circuit. Static 

tuning is faster than dynamic tuning, since it does not involve lengthy simulations, and 

hence, it is more suitable for optimizing large designs. The use of simpler models, however, 

reduces the accuracy of results. Statistics in the field of circuit optimization show that 

static tuning accuracy is within 24% [17]. The biggest task when applying static tuning 

is to develop a proper model with reasonable accuracy and yet as simple and compact as 

possible. Simplicity can be achieved by eliminating redundant relations and unnecessary 

constraints. Compactness may be possible by using algebraic manipulation and taking 

advantage of symmetric topologies and implicit relationships.

Nonlinear
Optimizer Tuner

Inputs:
+Objective fn 
+constraints 
+Variables 
+Simulation info

Yes Back annotate 
results on 
schematic

No

Circuit
Simulator

Figure 3.1: A template of a typical dynamic tuner
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In some cases, the design is required to meet multiple objectives. Many techniques have 

been developed to accommodate multiple, often competing requirements. One technique 

is the use of a weighted sum objective function of the form [18]

Minimize : M  =  ^  Wifi(x\,  x%,...) (3.1.1)

The weight Wi of the objective /* is proportional to the design priorities. In a high

speed chip design, for example, more weight is assigned to the delay function than the area 

or power terms in the merit function M.

3.2 M CM L O ptim ization

Despite the potential MCML holds, this logic style has not been exploited due to its 

design complexity and the lack of standard cell libraries and design automation tools. A 

few attempts have been made in the past to automate MCML design. In [19], a semi

automatic procedure was proposed. The procedure involves a closed simulation loop that 

is intended to find the proper transistor sizes and bias voltages that yields the required tail- 

current, voltage swing and noise margin for a single logic gate. The procedure, however, 

does not involve optimizing the gate specifications.

In [2], Adaptable MOS-Current-Mode Logic (AMCML) is used to implement a 15/16 

dual-modulus prescaler for multi-band transceivers in the range of 800 MHz to 3 GHz. 

AMCML is an MCML implementation with a capability to adjust the tail-current and the 

voltage swing in real-time using control signals and feedback mechanisms. It is reported 

in [2] that 80% of the power required for operation at 3 GHz can be conserved when 

operating at 800 MHz.

The first attempts to use mathematical-programming to optimize MCML performance 

are due to [3] and [5]. The two papers proposed similar procedures but with slightly 

different design constraints. The procedure is to express the MCML gate performance 

and robustness metrics in terms of the tunable parameters. The performance metrics are 

mainly the gate propagation delay and the power dissipation. The robustness constraints
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are required to insure correct propagation of the signal. Robustness constraints include the 

noise margin, small-signal gain, large-signal gain and the voltage swing ratio (VSR). The 

tunable parameters include the transistors sizes, the load resistance and the tail-current 

control voltage. These performance expressions and design constraints are then put in a 

mathematical-program form and solved by a mathematical solver. Equation 3.2.1 shows 

the mathematical program proposed in [5] for the differential-pair MCML universal gate.

Minimize : Delay(w, I s s , R)
Subject :

V D D  X  I s S  <  P max

-  k ^ ( V DD - R l f . - V x -  Vr )Q(l +  X(Vd -  Vx)) = 0 (3.2.1)

-  k ^ ( V DD - R 1- f  -  K  -  VT)a(l + X(VDD - R 1- f -  Vx)) =  0

-  k^(vDD - r 1-f - v d-  vT)a( i  +  A(vbi> - R 1-f  -  Vd)) = 0
n  ■ _  o k i  o  w ISsW?W$R ^  1Lramoc -  <501.Z X  ^  1

According to this, the solver minimizes the propagation delay provided that the power 

dissipation remains below the maximum power dissipation Pmax- The delay is approx

imated as D — 0.69RC.  The DC current constraints insure tha t the voltage a t node x  

remains constant during switching and hence reduce the output offset voltage and minimize 

the switching noise. It is reported that the mathematical program in [5] has an average 

error of 8.3% and a maximum error of 16%.

In [3], extra constraints for complete-switching were added to the set of constraints in 

equation 3.2.1. Complete switching occurs when the gate’s voltage swing given by Iss  x R  

is larger than or equals to Vdd — Vx — VT, where VT is the threshold voltage. A detailed 

discussion on complete-switching and its importance to the gate robustness is provided in 

Section 5.1.

The programs discussed above provide a convenient way of optimizing MCML circuits. 

The problem, however, is th a t the expressions used for the objective function and the con

straints are complicated. This is due to many factors. The program in equation 3.2.1,for
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example, has two types of variables. The first type is the tunable variables. These are 

the variables that can be directly varied in the circuit. Examples of such variables are the 

tail-current Iss,  transistors sizes W  and the load resistance R. The second type is the 

interdependent variables. Those variables are dependent on the tunable variables and can 

only be varied in the circuit by varying the tunable variables. Examples of interdependent 

variables are Vx, Va, Vr and the voltage swing AV .  This is in the circuit level. In the 

programming level, the solver sees all the variables as tunable. Moreover, some interde

pendent variables are functions of other interdependent variables. In short channel devices, 

for example, Vp is a function of Vx, Vd and the transistor width W.  These interdependen

cies may be ignored, but the accuracy of the solution will be questionable. Including these 

interdependencies, on the other hand, introduces more nonlinear and tight constraints, and 

hence increases the problem complexity.

In [8], analytical expressions that relate performance metrics to the circuit electrical and 

physical parameters (current, transistor sizes, logic swing) are derived. The expressions 

are analyzed to shed light into various tradeoffs for different design objectives. This is 

done by dividing the MCML gate operation region into smaller regions where the delay 

may be expressed in terms of the current, the voltage swing and technology parameters. 

When compared to simulation results, the delay model has an average error of 11%. The 

study also reveals the varying effects of each transistor on the delay in various modes of 

operation (low power, high speed). This work, however, does not consider the potential 

that may be realized by exploiting mathematical programming as a means to reduce the 

complexity of MCML design.

3.3 M athem atical Program m ing

3.3 .1  F easib ility

Consider the general optimization problem
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Minimize  : f (x )

Q 9 i{x) >  0 (3.3.1)
bubjec t :

hi(x) =  0

We are required to minimize the function f (x ) ,  which is referred to as the objective 

function. gi(x) is a set of inequality constraints and hi(x) is a set of equality constraints. 

A point x  tha t satisfies all the problem constraints is a feasible point. We call the set of 

all feasible points, a feasible region or a feasible set denoted by S. At any feasible point, 

an inequality constraint is said to be active if gi(x) — 0, and inactive if gi(x) > 0. The 

set of active inequality constraints at any feasible point is called an active set. Figure 3.2 

illustrates the feasible region defined by the constraints

h(x) =  x\ +  2x2 +  3x3 — 6 =  0

gAx) = x\ > 0 „
w  (3.3.2)

g2{x) = x2 > 0

g3(x) =  x 3 >  0

The feasible set S  in this example lies on the flat surface that represents the first 

constraint. At the point P(0,0,2), the fist two inequality constraints are active, while at 

the point P( 1,1,1) the active set is empty.

We now define terms associated with optimality. A point x* is a solution to the mini

mization problem if x* is feasible and if f(x*) < f ( x )  for all x  in S. Furthermore, x* is a 

strict global minimizer if it satisfies f(x*) < f (x )  for all x  in S.

Most of the techniques we will use find a solution using Taylor series approximation 

around a point. This approximation is usually only valid around that point, meaning that 

these methods converge to local minima. Furthermore, providing an educated starting 

guess to the optimizer increases the chances of finding the desired global minimum. A 

point x* is said to be a local minimizer of / ,  if f(x*)  < f (x )  for all a: in S' such that 

\x — x*\ <  e, where e is some small positive number. Figure 3.3 demonstrates graphically 

the maxima and minima definitions.
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Figure 3.2: Example of a feasible set

Local Maximum

Local Minimum

Global Minimum

2.S

Figure 3.3: Examples of stationary points
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3 .3 .2  O p tim ality  C ond itions

The solution to the unconstrained problem 

minimizef(x)

must satisfy the following conditions [20]

V '  3.3.3) 
V 2f(x*) > 0

The first equality is a first order necessary condition. It suggests that the point x* is 

a stationary point. A stationary point could be a local minimizer, maximizer or a saddle

point. This condition alone is not sufficient to determine a local minimizer. The second

condition is referred to as a second order sufficient condition. It is sufficient to guarantee 

th a t the point x* is a local minimizer. A local maximizer satisfies the conditions

V /(* )  =  0 ,
V J 3.3.4) 

V 2/(:c) < 0

3 .3 .3  C on vex ity

Convexity is an important characteristic in the science of mathematical programming. A 

set S  is convex if, for all elements of S  [20]

8Pl + (1 -  0)p2 E S  (3.3.5)

where 9 is a positive number between zero and one. This means that if points Pl and p2

are in S,  then the line segment connecting Pi and p2 is also in S.

A function /  is convex on a convex set S  if [20]

f (9p i +  (1 -  9)p2) < 9 f(Pi) + (1 -  0)f(p2) (3.3.6)

In other words, /  is convex if the line segment connecting the points (Pi , f ( Pi )) and

(p2, f ( p 2) lies on or above the graph of the function. Figure 3.4 illustrates the definitions
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of convexity. The function f (x )  in the Figure is convex, since any line connecting between 

any pair of points in the function is above the function graph.

(P1,F(P1»

Xu_

Figure 3.4: A convex function

A function /  is concave on S  if

f(6pi  +  (1 -  0)p2) > Of{p1) +  (1 -  0)f{p2) (3.3.7)

The program
Minime : f(x)

K '  (3.3.8)
Subject : gi(x) < 0

is a convex mathematical program if the objective and the constraints are convex functions.

A local minimizer to a convex mathematical program is also a global minimizer to that 

program [20].

3 .3 .4  G eneral O p tim ization  A lgorith m

Most of the general purpose optimization methods have the general form [21]
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Start

Specify an in i t ia l  guess of the so lution  x 0 

For k = 1 , 2 , . . .

i f  x k i s  optimal, stop  

e ls e

Determine a better estim ate of the solution: 

*k+l = Xk + akPk

end

Figure 3.5: General optimization algorithm

where pk is a direction pointing towards the general solution or at least towards a better 

estimate of the solution. The direction pk is typically required to be a descent direction. 

That means that taking a small step in direction pk will produce a reduction in the function 

value. The factor ak is some positive scalar called the step length. In Newton’s method, 

which is discussed in Section 3.3.6, the step length is always 1, that is equivalent to taking 

a full step in the direction pk- A popular technique to calculate the step length is the line 

search method. The line search finds a solution to the problem [20]

Minimize : f ( x k +  akpk) (3.3.9)

that is find some ak that will minimize the objective function in the direction pk.

3.3 .5  P erform ance M etrics

There are various costs associated with optimization methods. Almost all optimization 

techniques involve an iterative procedure. At each iteration, a number of computations axe 

performed to calculate first derivatives and sometimes the second derivative information,
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the search direction and the step length. The number of arithmetic operations required by 

the method to achieve the solution is referred to as the computational complexity. There is 

also the cost of storing the results of the calculations. An iV-dimensional objective function 

requires an (N  x N ) matrix or N 2 data locations to store the second order derivative infor

mation. Another performance metric is the rate of convergence. The rate of convergence 

is a measure of how fast the method converges to the solution [22].

3.3 .6  N ew to n ’s M eth o d  for R o o t F in d in g

Most of the optimization algorithms used in general purpose solvers are derived in a manner 

similar to Newton’s method. Newton’s method solves a problem of the form

f (x )  = 0 (3.3.10)

There are many efficient ways to finding the roots for this problem. Newton’s method 

is based on solving a sequence of linear approximations to the original problem [23]. The 

derivation of the Newton’s method formula starts by writing the Taylor series approxima

tion for the function /  around the point Xk as

f { x k + p) = f ( x k) + Pkf'(xk) (3.3.11)

At every iteration, we hope that xk + p  is a better estimate of the solution x*. If f ( x k )

is not equal to 0, we can solve the equation

f(x*)  =  f M  +  P k f ' M  = 0 (3.3.12)

for pk to obtain

Pk = - f ( x k ) / f ( x k) (3.3.13)

The new estimate of the solution now is
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Xk+1 = xk -  f { x k) / f \ x k) (3.3.14)

Newton’s method approximates the function by its tangent line at x k. The intersection 

of the tangent with the x-axis is taken as the new estimate of the solution. This is illustrated 

in Figure 3.6.

Xk+1 Xk

Figure 3.6: Illustration of Newton’s method convergence mechanism 

3 .3 .7  N e w to n ’s M eth o d  for M in im ization

In this section we derive the formulae for Newton’s method for minimization [20]. The 

procedure begins by approximating the objective function by Taylor series expansion

f ( x k+1) =  f ( x k) + pkV f ( x k) (3.3.15)

Taking the derivative of the approximation yields

V f ( x k+1) =  V f { x k) + pkV 2f ( x k) (3.3.16)

We expect the next point x k+r to be the optimum solution. If we apply the first order
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optimality condition V f ( x k+i) =  0, then the search direction pk may be expressed as

Pk = ~  [V2/ ( ^ ) ] _1 V /(x fc) (3.3.17)

This expression can be written in the form x k+\ =  %k+Pk, where pk is the solution to 

the system

[V2/ M “Vfc =  -V /(a ;fc) (3.3.18)

Analogous to the linear approximation used in Newton’s method for f ( x )  = 0, the 

linear approximation for the case when V /(x ) = 0 is:

V /(x fc +Pk) ~  V /(x fc) +  V 2f { x k)pk (3.3.19)

This linear approximation is the gradient of the quadratic function

Q(p) = f i x x) +  V /(x fc)Tp +  t ^ TV2 (3.3.20)

We can conclude that Newton’s method for minimization approximates the nonlinear 

objective function by a quadratic function. A few comments about Newton’s method 

convergence are in order.

It is expected th a t a quadratic rate of convergence to be achieved, which is a major 

advantage, except in some special cases, where the method may fail or even diverge. There 

is nothing in the method that would push the iterates towards a minimum. All that we 

have until now is a technique that moves towards the nearest critical point, be it minimum, 

maximum or a saddle point. Clearly, more conditions are required to convergence to a 

minimum point. A widely used set of constraints to test the solutions optimality are the 

Karush-Kuhn-Tucker conditions [24] [25].

Newton’s method requires first and second order derivative information. The second 

order derivative is very costly both in terms of calculation and storage. If the derivative 

information was provided to the optimization tool, then this will not be a problem, but
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usually this is not the case. There is also the cost of solving the Newton equations to find 

the Newton direction p. Many of the optimization algorithms based on Newton’s methods 

implement creative techniques to reduce the costs associated with Newton’s method while 

retaining its good convergence rate [20].
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Chapter 4 

Balancing the Act: A Sym m etric 
MCML Universal Gate

This chapter compares the different MCML universal gate topologies that were introduced 

in chapter 2. The goal is to quantify the advantages and the drawbacks of balancing the 

differential-pair universal gate with the addition of a transistor, M5, between the right 

branch output node and M2. This topology is commonly used in industry, but its per

formance in comparison to other universal gate topologies has not be properly quantified 

in literature. The procedure to assess the feasibility of the proposed modification is as 

follows. A logical reasoning is outlined and followed by large-signal and small-signal anal

ysis to gauge the benefits and drawbacks of the modified topology. Simulation results are 

then collected and analyzed to compare the modified topology to the standard univer

sal gate and the MUX-based universal gate in terms of timing and signal integrity. The 

chapter concludes by summarizing the results and commenting on the feasibility of the 

modification.

4.1 M otivation

4 .1 .1  A  M ath em a tica l P rogram m ing P ersp ectiv e

In order to automate the design of predefined circuit structures, a simple and an accurate 

model must be found to mimic the circuit operation. The analog nature of MCML has made

34
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it hard to express its behavior and performance in a simple form suitable for automatic 

design and optimization. The asymmetric topology of the standard universal gate only 

adds extra hurdles to any automation attempts. In a symmetric topology, like the MUX 

gate for example, there are more possibilities for variable and constraint reduction. There 

is also a better chance of finding dependencies and eliminating redundancies to reduce 

model complexity. It will be shown in later chapters that using a symmetric structure 

greatly reduces the delay model complexity.

4 .1 .2  A  C ircuit P ersp ectiv e  

Standard Universal Gate

The asymmetric topology of the universal gate in Figure 4.1 introduces many problems. 

These problems are directly related to the mismatch in the propagation delay between the 

two differential outputs, and also to the DC output offset voltage. By definition, differential 

signals are exactly 180 degrees out of phase. If this phase angle is not preserved, the signal 

processing will not be accurate. This phase shift will increase as operation frequency 

increases, since the waveform period becomes smaller while the delay difference between 

the two paths remains constant for any specific gate. The DC output offset voltage adds 

another obstacle to the operation of the standard MCML universal gate. Contrary to 

analog design, where AC coupling techniques are used to isolate the effect of DC voltage 

offset in different design stages, MCML gates are directly affected by the DC voltage levels 

at their inputs. It is also worth noting that a well-balanced eye-shape waveform achieves 

the maximum theoretical noise margin for any given voltage swing and gain.

M U X -based Universal G ate

The notion that the MUX-based topology is the most balanced is not entirely true. Re

ferring to Figure 4.2, by examining the electrical path from Vdd down through the load, 

transistors M5 and M2 to the sink, it is noted that this path is ideally off regardless of 

the inputs values. In practice however, the input signal slope is finite and there is a brief
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Figure 4.1: Standard MCML universal gate
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period during transition when both transistors M4 and M2 are turned on causing undesired 

current flow. This current has significant small-signal effects.

Out

M5

- O u t _______

———|j~^V13 M4

M l M2

Figure 4.2: MUX-based MCML Universal Gate

Assuming B and -B are held at High and Low respectively, then the output should 

follow the input A. When A goes from High to Low, transistors M l and M5 switch off and 

transistors M2 and M6 turn on causing the output node and the node at the drain of M2 

to discharge. But the undesired current that flows through M5 will pour an extra charge in 

M2 drain node and hence increase the time required to discharge this node as well as the 

input node. On the other hand, during charging time, the stray current will help charge 

the output faster. The outcome is faster charging and slower discharging times. Table 4.1 

shows rising and falling delays for the standard and the MUX-based universal gates when 

the input signal slope is 10,000 V/ //s, which is a reasonable output slew rate for high-speed 

and low-power applications.

Figures 4.3 and 4.4 show output rising and falling times and stray currents through 

M5 for a chain of MUX-based universal gates. In Figure 4.3, the test input signal and the
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Table 4.1: Rising and falling times for standard and MUX-based universal gates.

Topology Rising Delay Falling Delay

Standard 38.4ps 31.8ps

MUX-based 17.2ps 52ps

outputs of the first, second and third gates are plotted against time. The output charges 

rapidly but it takes much longer time to discharge. This can be explained by monitoring 

the current activity through transistor M5. Figure 4.4 supports the prediction that as 

the slope of the input signal becomes smaller than infinity, the average amount of stray 

current through M5 increases. The first gate input is an ideal clock signal with small 

rise/fall times and the path through M5-M2 is on for a short period of time. This time 

increases substantially for the following gates.

Gate 1 
Gate 2 
Gate 3

21.6

1.4

0.2 0.4 0.6
Time (ns)

Figure 4.3: Output waveforms for a chain of MUX-based universal gates showing that the 
rising times are much smaller than the falling times

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39

—  Gate 1
- -  Gate 2 
  Gate 3

G ate4

2 10

in

0.1 0.2 0.3 0.4 0.5
Time (ns)

Figure 4.4: Waveforms of the current through M5 in the MUX-based universal gates

4.2 A nalysis

Studying the large-signal and small-signal effects of the asymmetric topology on the gate 

design and performance will help aid in finding the main problems and developing alternate 

solutions. The following analysis is carried out on the standard universal gate in Figure 

4.1.

For simplicity, it is assumed that transistors M l and M2 have equal threshold voltages, 

Vti — Vt2 • The switching-off conditions in this case are

Vgsi,2 < Vt i ,2 (4-2.1)

Simulations show th a t when the input to  transistor M l changes from Low to High while 

M3 is on, transistor M l is in saturation for most of the transition period and then settles 

in the triode region when the output level is settled at logic Low. The voltage at node x  

at this point is controlled mainly by M3. Hence we can write
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Iss  =  k ^ ( V DD - V d -  VT)a(l +  AVbss) (4-2.2)

When M2 is on, we have

Iss = k ^ ( V DD - V x -  VTf {  1 +  XVDS2) (4.2.3)

Also note that

Vd = Vx + VDSi
VDS2 — VDd — AM — Vx (4.2.4)

VDS3 = VDD- A V - V d

By making a number of substitutions, we obtain

W3 (1 +  XVT)A V a
W2 (1 +  \(V T -  VDS1))(A V  -  W O ” '

For typical index and channel length modulation parameter values in 0.18 jum tech

nology and a swing of 0.3 V, the ratio between W3 and W2 is in the range of 2.5. The 

increase in the upper-level transistors sizes increases the capacitive loading through the 

critical path and contributes to the already existent problem of delay mismatch between 

the two MCML branches.

Table 4.2 lists the values of process dependent parameters used in the proposed model 

for the 0.18 pm technology.

Table 4.2: Technology dependent parameters

Parameter Value

Ifmm 0.22E-6 m

I'min 0.18E-6 m

k 68E-6

a 1.26

X 0.36
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4.3 T he M odified Topology
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The MUX-based MCML topology is an attem pt to overcome the asymmetry problems in 

the standard universal gate. The improvement in the gate symmetry, however, comes at a 

cost. First, the total gate input capacitance is increased by a factor of 1.5. This leads to 

a reduction in the input signal slew rate by 1/1.5. Secondly, the gate internal capacitance 

is also higher. The increase in the gate capacitance has a direct effect on the gate power- 

delay-product. The goal is then to find a topology that will solve the asymmetry problem 

while preserving the gate’s efficiency. Figure 4.5 shows a compromise circuit developed to 

satisfy the symmetry and efficiency requirements.

Vdd

—< —— Out

M 5 J| VddM4

V4

MX .~AM2A

Vx

Figure 4.5: Modified MCML universal gate with added transistor M5

Considering the standard universal gate in Figure 4.1, when the right hand branch is at 

logic Low, depending on the values of inputs A and B, the current will flow through either 

transistor M2 down to the current sink or through transistors M4 and M l. This difference 

between the two paths is the main cause of the electrical and timing mismatch. If we 

add transistor M5 as in Figure 4.5, then in DC sense both branches will have the same
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conditions since only one of either M3 or M4 is on at any given time. In small-signal sense, 

the critical-path total capacitance is increased slightly due to the diffusion capacitance of 

transistor M5. The gate terminal of M5 is connected to Von so that its gate capacitance 

does not load the input. From this point, the transistor names will be complemented 

with a subscript to avoid any confusion. M 5 m d f  and M 5 m u x  denote M5 in the modified 

topology and the MUX-based topology respectively.

When considering the MUX-topology, the gates of transistors M 2  m u x  and M 6 M u x  are 

connected to the same input and hence are redundant. If Mb m u x  is connected directly 

to V d d , the logic gate will still function in the same way while the input capacitance will 

be dramatically reduced. Transistor M hMux  is always turned off (Ideally, since if M 2 M u x  

input is High, then Mb m u x  input is Low and vice versa) and, hence, it does not contribute 

to the logic realization mechanism. I f  M  6  m u x  is connected to V d d , then Mb m u x  may be 

removed without affecting the gate operation.

It might be tempting to bias to V d d  — AV/2  to achieve zero output offset

voltage when all inputs are at mid-swing. However, since the aim is to design a digital cell, 

the focus should be on the DC symmetry of the circuit at the two logic levels ’0’ and ’I ’.

4.4  Sim ulation and R esults

To draw the comparison between the standard universal gate and the modified one, a test 

environment is set up. The signal propagation through a chain of 5 gates is analyzed under 

different operation frequencies. The gates are sized to produce a swing of 0.75 V and a tail- 

current of 95 /iA. For the standard universal gate, the delays are measured for two cases. 

The first case is when all the transistors are sized equally and the second case is when the 

transistors are sized to reduce the DC imbalance. The second measurement is intended 

to weigh the expense of balancing the standard topology by adjusting the transistors sizes 

according to the ratio in equation 4.2.5 to eliminate the DC offset voltage.
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4 .4 .1  B efore  R esizin g

Table 4.3 shows the transistors sizes of the standard and modified universal gates (UG) 

topologies. The standard gate was sized without any balancing attempts and all transistors 

are assumed to have typical sizes. The values for the modified universal gate were found by 

applying mathematical programming techniques. Chapter 6 includes a detailed description 

of the MCML optimization mathematical program.

Table 4.3: Transistor sizes for the test environment

Transistor W idth (/rm) Standard UG Modified UG

Wx 0.49 0.49

w 2 0.49 0.49

W3 0.49 0.49

W4 0.49 0.49

w 5 N/A 0.49

Current sink Ws 3.66 3.66

D elay M easurem ent

After performing a DC simulation to insure the gates are operating at the anticipated DC 

points, a transient simulation is set up to measure the gate propagation delays by applying 

a low frequency pulse train.

Table 4.4 shows the propagation delays for one gate. The difference between the Stan

dard universal-gate’s complementary signals delays is four times tha t for the modified 

topology. The difference in arrival times between the complementary signals for the stan

dard topology is 4 times the time for the proposed circuit. The MUX-based universal gate 

has the best symmetry but also has the highest delay.

In the next setup, the propagation delay of a chain of MCML universal gates is measured 

and compared for the three topologies. Table 4.5 shows the delay for a chain of five gates.

The results in Tables 4.4 and 4.5 are consistent. If the average delays are compared,
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Table 4.4: Worst case delays for different MCML universal gate topologies

Gate Topology +ve Out delay (ps) -ve Out Delay (ps)

Standard 22.9 18.8

MUX-based 29.3 29.7

Modified 23.4 24.5

Table 4.5: Worst case delays for a chain of five gates for different MCML universal gate 
topologies

Gate Topology +ve Out delay (ps) -ve Out Delay (ps)

Standard 110 108.5

MUX-based 148.4 146

Modified 128.1 129.8

it can be seen that the average delay per gate is 20.8ps and 23.9 for the standard and 

modified topologies respectively. The conclusion from this timing test is that for typical 

low-power high-speed design and a moderate fan-out of 2, the modified topology has a 

15% higher delay. The MUX-based topology does not show any visible superiority over 

the modified circuit in any of the timing categories.

DC-Level Shift and O peration Frequency

The aim of this test is to estimate the maximum throughput of the MCML gates. This 

is done by applying increasingly higher frequency inputs while observing the gate output 

waveforms. Table 4.6 shows the unity gain bandwidths for the standard and the modified 

topologies. Even though the modified gate has higher capacitance, its unit gain bandwidth 

is only slightly narrower than the standard gate’s bandwidth. This is expected since the 

cascading of M5 on top of M2 offsets the Miller’s capacitance effect at the output [26].

In the next test, the gates from the previous bench are driven by high frequency inputs. 

The reduction in the output swing of the fifth gate is monitored while the frequency is 

increased until the output swing is reduced to 60% of the nominal value. This value is
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Table 4.6: The differential signal unity gain bandwidth for the standard and the modified 
MCML topologies

Topology funity (GHz)

Standard 13.7

Modified 12.6

used as a cutoff mark because it is customary to design MCML gates with a noise margin of 

0.4AV or higher [3]. Figures 4.6 and 4.7 show the outputs of the standard and the modified 

universal gates when operated at 8.8Gbps and 13.6Gbps respectively. Even though the 

standard gate has lower propagation delay, it fails at lower frequencies compared to the 

modified gate. This is due to the inherent timing and electrical imbalance of the gate. 

It is also noted that as the input frequency increases, the output offset voltage starts to 

increase accordingly until at a certain frequency, the reduction in the differential output 

magnitude becomes larger than the noise margin and the signal is no longer recoverable.

-  -  +ve 
 ve

1.6

1.4
>
3
Q .■3o 1.2

0 0.2 0.4 0.6 0.8 1
Time (ns)

Figure 4.6: Output of the standard universal gate showing that the swing is reduced to 
60% of the nominal value at 8.8GHz
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-  -  +ve 
 ve

1.6

21.4

1.2

0 0.2 0.4 0.6 10.8
Time (ns)

Figure 4.7: Output of the modified universal gate showing that the swing is reduced to 
60% of the nominal value at 13.6GHz

The reason for such behavior is the imbalance between the two current branches. When 

M l and M3 are on, they tend to push the voltage at node x  down to accommodate the 

tail-current I ss. The same is true for the case when transistor M2 is on. The difference 

between the two scenarios is that Ml and M3 are stacked on top of each other. That 

requires Vx to be smaller than in the case when M2 is on. Figure 4.9 shows the voltage 

activity at node x  during switching.

Table 4.7 lists the universal gates maximum operation frequencies for different currents 

and voltage swings. It is assumed here that the fan-out gate and the driver are equally 

sized. Maximum operation frequency is directly related to the fan-out capacitance load.

In addition, M2 of the standard universal gate has larger drain to source voltage which 

reduces the threshold voltage V t2 according to the Drain Induced Barrier Lowering phe

nomenon. This makes M2 harder to switch off. To insure against this, the voltage swing 

must be increased so that Vqs2 is lower than V t2- The increased voltage swing is higher 

than the theoretical value given by [2]
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Table 4.7: MCML UG operation frequencies for different currents and voltage swings.

Topology A V  (V) 20 fiA 50 pA 100 fiA

MUX 0.45 3.5 GHz 3.7 GHz 3.9 GHz

Standard 0.45 6.2 GHz 6.6 GHz 6.9 GHz

Modified 0.45 9.5 GHz 10.3 GHz 11.5 GHz

MUX 0.75 3.8 GHz 4.9 GHz 4.8 GHz

Standard 0.75 7.2 GHz 9.3 GHz 9.6 GHz

Modified 0.75 10.5 GHz 13.3 GHz 13.7 GHz

AVmin >  Vdd — Vx — VT = (4-4.1)

Another solution is to increase W3 significantly to increase Vx and reduce the leakage 

current through M2. Both solutions lead to an increase in the gate delay.

Switching N oise

Balancing the branches is still important for other reasons. Figure 4.8 shows the power 

supply current for the standard and the modified topologies.

The standard universal gate’s asymmetry causes the voltage Vx to vary significantly 

during switching. This in turn  causes current spiking and induces power supply switching 

noise.

R ing Oscillator Test

In this test, the gates under investigation are connected in a ring oscillator configuration to 

examine the outputs eye diagram and measure the oscillation frequencies. Figures 4.10 and 

4.11 show the eye diagrams of the differential outputs for the standard and the modified 

MCML universal gate topologies respectively. Figure 4.10 illustrates the imbalance between 

the complementary signals for the standard universal gate. The modified design exhibits a 

fairly symmetric eye shape as shown in Figure 4.11. This is critical for a robust operation
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Figure 4.8: Power supply current activity for the standard and the modified universal gates
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Figure 4.9: The voltage at node x  for the standard and the modified universal gates
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when dealing with large designs. The standard universal gate oscillates at 5.56 GHz, while 

the modified gate has an oscillation frequency of 4.26 GHz.

-  -  +ve 
 ve1.8

1.6

= 1.4

1.2

4.2 4.44.3 4.5
Time (ns)

Figure 4.10: Standard MCML UG eye diagram showing timing and DC mismatch

+ve
-ve

5 1 .4

1.2

4.1 4.2 4.3 4.4 4.5
Time (ns)

Figure 4.11: Modified MCML UG eye diagram
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4 .4 .2  A fter  R esizing

In Section 4.1.2, we concluded that the standard universal gate’s transistors must be resized 

to eliminate the output voltage offset. Table 4.8 shows the calculated transistors sizes.

Table 4.8: MCML standard universal gate transistor sizes to eliminate the DC offset

Transistor Width (//,m)

M l 0.44

M2 0.39

M3 1.43

M4 1.43

Current Sink 3.66

Tables 4.9 and 4.10 show the delays for one gate and five gates chain respectively. The 

standard universal gate delay has increased significantly as a penalty for attempting to 

eliminate the DC voltage offset. This makes our modified topology a better choice when a 

well balanced output signal is critical, especially in large designs.

Table 4.9: Gate propagation delays for the modified UG and the resized standard UG

+ve Out delay (ps) -ve Out delay (ps)

Standard UG 26.5 24

Modified UG 23.4 24.5

Table 4.10: 5-gate chain propagation delays for the modified and the resized standard 
universal gates

+ve Out delay (ps) -ve Out delay (ps)

Standard 155 141

Modified 128 130
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In this chapter, a modified topology for the MCML universal gate has been analyzed. The 

goal of the modification is to improve the timing correlation and reduce the voltage offset 

between the MCML gate’s differential outputs. The feasibility of the modified circuit has 

been investigated. When compared to standard universal gate, the modified topology has 

a better DC balance, lower switching noise and higher operation frequencies for the same 

power dissipation. The MUX-based universal gate, on the other hand, experiences higher 

rising times due to the leakage current through Mb m u x - If has also been shown that 

sizing the standard universal gate transistors to balance the dc characteristics increases 

the timing imbalance and degrades the gate delay.
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Chapter 5 

MCML M odeling and Design

In this chapter, the relationships between the MCML gate’s tail-current, voltage swing and 

delay are exposed. The aim is to build an understanding of the gate operation and help 

develop a good mathematical program that is suitable for numerical optimization, which is 

the prime objective of this thesis. The study begins with the single-level MCML inverter 

and then evolves to discuss the more complex two-level universal gate. The modified 

universal gate of Chapter four has been chosen because of its versatility and its good 

timing, area and power consumption.

The procedure is as follows. First, the conditions for robust operation are defined 

and expressed analytically. The study then attem pts to derive expressions for the static 

and dynamic behavior of the MCML universal gate, under robustness constraints, that 

are mathematical-solver friendly. The expressions are then manipulated to expose the 

relationships between the design metrics in various regions of operation. This step gives 

the designer some clues into where local minima might lie and help produce better starting 

guesses. This is critical, since if the problem is not convex, then it may have many local 

minima. In this case, advanced techniques may be necessary to estimate appropriate initial 

p o i n t s  t o  g u i d e  t h e  s o l v e r  t o w a r d s  t h e  g l o b a l  s o l u t i o n .

52
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5.1 M CM L D esign

5.1 .1  O p eration  C ond itions

Let us define A Vmin as the minimum voltage swing required to completely switch the tail- 

current Iss  from one branch to the other. For the inverter in Figure 5.1, this means that 

if M l’s gate is connected to Vd d  and M2’s gate is connected to Vd d  ~  AV , and if A V  is 

larger than or equal to A Vmin, then the current I  mi = Iss  and Im 2 =  0.

Out Out

Ml M2

Iss

Figure 5.1: MCML inverter

It is important at this point to express A Vmin in terms of the circuit voltages and 

currents. An NMOS transistor is on when the voltage drop between its gate and source 

terminals is greater than the threshold voltage. That is 

Vg s  — Vt >  0
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The condition to switch off M2 is 

Vgs2 ~ Vt 2 <  0

Also note that

Vg2 =  Vd d  — AV

Vsz — Vx where Vq2 is the voltage at the gate terminal of M2, V52 is the voltage at 

the source terminal of M2 and Vx is the voltage at node x. Substituting for Vgs2 in the 

switching-off condition yields [27]

A V > V d d - V x - V t  (5.1.1)

In other words, the minimum voltage swing required to turn off M2 and switch all of 

the tail-current to the other branch is

AVmin =  Vdd - V x - V t  (5.1.2)

The equation above may be expressed in terms of the tail-current and the transistor 

dimensions. When M2 is off, M l is necessarily on and its current equals to Iss  • By using 

the alpha-power law model, the saturation current of M l may be expressed as

W
/ m i  =  Iss = k — (VDD - V x -  VT)a (5.1.3)

If M l and M2 have the same dimensions and ignoring any process variations, then it is 

safe to assume that both transistors have the same threshold voltage Vp . By using 5.1.2 

and making the necessary substitutions into 5.1.3, rearranging and solving for HsVmin, we 

get [26]

AVm„  =  f5-1'4)

Assume it is required to plot the inverter propagation delay versus the tail-current Iss  

for a given nominal voltage swing value AVnom . To do this, the current is swept between 

the given bounds and the corresponding delays are measured. The given voltage swing
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A V nom must satisfy the complete-switching conditions at all times. This can be achieved 

by changing the transistor width according to equation 5.1.4 so that A V nom >  A V min . 

Assume that the experiment starts by measuring the higher currents first and then moving 

down in a descending order. Also assume that at the highest tail-current, the circuit 

conditions are

A V norn A V min
(5.1.5)

W  >  Wmin

The first condition suggests tha t the transistor’s width is adjusted to ensure the nom

inal voltage swing Vnam is just enough to guarantee complete-switching. This may be 

rationalized by noting that a voltage swing higher than the minimum required increases 

the delay unnecessarily. The second inequality says that the transistor’s width is larger 

than the minimum allowable by the technology.

After recording the first measurement, the tail-current is reduced to the next point. 

According to equation 5.1.4, reducing Iss  wifi reduce A V mvn and, hence, the nominal 

voltage swing will become larger than what is required for complete switching. To balance 

this, the transistor’s width W  must be reduced according to equation 5.1.4 so tha t the 

equality in 5.1.5 is maintained. Reducing the width serves a double purpose. It keeps 

AVmin at a constant level and also reduces the inverter intrinsic capacitance. The intrinsic 

capacitance is the portion of the output capacitance that is due to the logic gate transistors.

The procedure is repeated by descending down to smaller currents while reducing the 

transistor widths accordingly until a current value is reached, call it I I ,  where the transis

tor’s width is equal to the minimum allowable by the technology. At this point, the circuit 

conditions are

A V nom =  A V min cr- i  ^>\(5.1.6)
W  =  Wmin

If the current is reduced further, the minimum voltage swing will be reduced accordingly 

and the nominal swing becomes larger than the minimum required for complete-switching.
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In this region, the circuit conditions are

A V nom ^  ^ K i t n (5.1.7)
W  =  Wmm

Based on this discussion a number of definitions are in order. We define IL as the 

amount of current at which the following conditions are satisfied

A F  =  AFmin

W  = Wmin

The first condition implies that the voltage swing is just enough to completely turn off 

the lower-level transistors. The second condition to be satisfied is that the transistor sizes 

are the minimum allowable by the technology.

We define the low-current region £ as the region where Iss  < I I  and

A F  > &Vmin

W = wmin
We also define the high-current region <p as the region where Iss  > I I  and

A F  =  A Vmin

W  > Wmin

The definitions above may also be reached by observing the voltage at node x. Complete 

switching occurs when

A F  — AVmin +  s (5.1.8)

where s > 0 is a slack variable tha t follows the change in A F  to hold the equality in 5.1.8 

. When s is greater than zero, the swing is larger than the minimum swing required to 

completely turn off the transistors in the ’off’ branch. Hence, the voltage swing may be 

reduced without the need to increase Vx . At any Iss value, Vx may be changed by varying 

the logic transistor’s width. Equation 5.1.8 suggests that the voltage swing may be reduced 

without the need to increase the transistors width. The increase in the voltage swing is 

compensated by a reduction in the slack term s so that the equality is held true. From this
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simple analysis we can predict that when the slack s is positive, a reduction in the swing 

results in a reduction in the delay.

The more practical case is when the slack variable s =  0, that is when the voltage 

swing is just enough to turn off the transistor in the ’off’ branch. A voltage swing larger 

than the minimum required increases the delay without any meaningful improvement to 

the gate robustness. Reducing the voltage swing below the minimum value required for 

complete switching causes an undesired DC current to flow in the ’off’ branch . To counter 

this, Vx must be increased to satisfy the relationship in 5.1.8 . The voltage Vx may be 

increased by increasing the transistors width which, in turn, leads to an increase in the 

logic gate’s intrinsic capacitance. Thus, reducing the voltage swing when s =  0 causes 

an increase in the gate’s intrinsic capacitance. There is little information here to make 

early predictions about the relationship between the delay and the voltage swing. In the 

next section, we develop analytical expressions to make reasonable predictions about the 

relationship between the voltage swing and the delay. The analytical results are then 

verified and compared to spectre simulations.

5 .1 .2  M C M L C om p lete  S w itch in g

Robustness is one of the most important performance specifications of any library cell. 

The MCML universal gate is the backbone of a proposed MCML library. Contrary to 

MCML inverters and custom-made MCML gates for specific applications, MCML gates 

tha t are used for high-density digital applications must completely switch the DC current 

from one branch to the other. This section studies the effects of incomplete switching. 

Complete switching occurs when the MCML gate’s tail-current is completely switched 

from one branch to the other. Thus, the current in one branch is equal to Iss, while the 

current in the other branch is equal to zero.

There are two ways to look at complete switching; extrinsically and intrinsically. Ac

cording to the discussion in Section 5.1.1, a gate switches completely when the voltage 

swing of the input signal is larger than or equal to A Vmin given by
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AV^m — (5.1.9)

However, it is also safe to say that as long as the small-signal and large-signal gains are 

larger than unity, the gates should be able to gradually amplify the signal until the swing is 

restored to the value Iss  x R- This is an extrinsic view, since we are more concerned about 

the amplitude of the input signal rather than the intrinsic characteristics of the gate(Gain, 

Noise Margin), which are presumed to be sufficiently high.

When the DC gain of a logic gate is higher than unity, we expect that an input sig

nal with a voltage swing of A Vmin or higher to produce an output with a voltage swing 

A Voutput =  Iss  x R- If the MCML gate is designed properly, then

A Voutput =  A Vmin — Iss x R  (5.1.10)

A voltage swing that is higher than A Vmin increases the gate delay and reduces the 

power-delay-product unnecessarily. Equation 5.1.10 suggests that when the MCML gate 

DC gain is larger than unity, then

AVra,„ =  Iss x R  = (5.1.11)

This is an intrinsic view, since the focus is on the logic gate’s ability to propagate the 

input signal. This last view is the one we choose to use when we talk about complete 

switching. Based on this, we may label complete switching as a logic gate characteristic 

rather than an input signal characteristic. A complete-switching gate is a gate th a t satisfies

Iss  x R  > (5.1.12)

When the data at the output of an MCML gate is valid, it is expected that one half of 

the logic transistors to be on, while the other half to be off. The undesired current in the 

’off’ branch can be referred to as fy/y.

We define V0f f set as the difference between the ideal logic levels Vdd, (Vdd ~  A l/) and
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the corresponding actual gate voltage levels V#, Vl . Then

Voffset =  V d d  — Vh  

Voffset = VL -  \\vd d - a v \ \

In terms of the ’off’ branch current

Voffset = R  x h f f  (5.1.14)

To understand the effect of the ’off’ branch current I0j f  on the universal gate perfor

mance, the circuit is simulated under numerous input combinations. It is noted that gates 

with a low Voltage Swing Ratio (VSR) are not capable of preserving the signal swing mag

nitude. The VSR is the ratio between the current in the ’on’ branch to the tail-current. 

The signal swing degrades as it passes through the stages, and a few gates later, the data 

fades away completely. To illustrate the effect of the VSR on the signal propagation, a 

chain of MCML gates with different VRSs has been simulated in spectre. Figures 5.2 and 

5.3 show the outputs of gates with a VSR of 98% and 93% respectively. The MCML gates 

have a tail-current of 50 //A and a voltage swing of Iss  x  R  = 0.55 V. The logic transistors 

sizes are shown in Table 5.1.

Table 5.1: MCML logic transistor sizes for different VSRs, with a tail-current of 50 pA 
and a voltage swing Iss  x R  =  0.55 V

VSR W  (/mi)

89% 0.30

93% 0.35

95% 0.40

98% 0.45

A low VSR has another drawback that effects multi-level MCML logic gates. To il

lustrate this, an input waveform with an amplitude of AVmin has been applied to the 

upper-level transistors, M3 and M4, of the standard universal gate in Figure 5.4. The
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Figure 5.2: Signal propagation through a chain of MCML gates with a VSR of 98%
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Figure 5.3: Signal propagation through a chain of MCML gates with a VSR of 93%
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lower-level transistors, M l and M2, are connected to Logic ’1’ and ’O’ respectively.

Vdd

-O u t— i >

r »

—i —  Out 

MS || VDdM4

Vd

-AM l M2A

V*

Figure 5.4: Standard MCML universal gate with balancing transistor

Figures 5.5, 5.6 and 5.7 show the gate’s output waveform for VSRs of 98%, 95% and 

89%. The Figures reveal that as the gate’s VSR becomes smaller, the voltage offset between 

the complementary outputs increases accordingly. The voltage offset can be explained by 

noting that when the gate’s VSR is low, there is a current J0/ /  flowing through M2. If M3 

is on and M4 is off, the voltage levels a t the gate outputs are

(5.1.15)
Vout — V dd — [hf f  x R]

= Vdd ~  [ f e  -  h ,s )  x R]

On the other hand, if M3 is off and M4 is on, then the voltages at the gate’s outputs

are

Vout= =  Vdd  — [7,s's x R] 

Vmi =  Vdd
(5.1.16)
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This means tha t the gate’s right-hand output can pull down to the ideal logic Low 

level V d d  — AV, but cannot reach the ideal logic High  level V d d - The opposite is true for 

the left-hand output. That is because the upper-level transistors require a smaller voltage 

swing to completely switch off.

1 *
----  Out
■ -Out

r f !
i i

i
i

r f
i
i

*
i
i
i
i
*

■

i
i / V. $

V k  "

3 0.5 1 1.5 2 2.5 3 3.5 A
Time (ns)

Figure 5.5: Output of MCML gates with a VSR of 98% when the input is applied to 
upper-level transistors

5.2 T he D elay M odel

5 .2 .1  M C M L  Inverter D elay  M od el

The small-signal model of the MCML inverter of Figure 5.1half-circuit is shown in Figure 

5.8.

Assuming the input is an impulse, the delay of the MCML inverter can be expressed 

as [28]

D  =  0.69R x C  (5.2.1)
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Out
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Figure 5.6: Output of MCML gates with a VSR of 95% when the input is applied to 
upper-level transistors
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Figure 5.7: Output of MCML gates with a VSR of 89% when the input is applied to 
upper-level transistors
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Cgdi

-o

Figure 5.8: MCML inverter small-signal model

where C  =  Cintr +  CL. The capacitance Cintr is the logic gate’s intrinsic capacitance. 

Assuming that the transistors lengths are set to the minimum feature length, the intrinsic 

capacitance may be written as Cintr =  aintrW  + bintr. Physically, aintr represents all the 

parasitic capacitances that depend on the transistor’s width W . The coefficient bintr repre

sents the other portion of the logic-gate parasitics that are independent of the transistors 

width.

The assumption here is that the input is an impulse. It was reported in [29] that a 

factor of 1.5 rather than 0.69 gives a better estimate of the delay when the gate’s input has 

a finite slope, which is a more practical case when approximating the delay across a series 

of gates. As will be seen later, the delay models that will be derived in the next sections 

include tunable coefficients. Curve fitting techniques are used to minimize the models 

errors, and hence, the exact factor value is not critical to the accuracy of the model.

Low-Current Region

When the tail-current Iss <  I i ,  we have 

A V  =' AVmin +  S

w  =  w min

The delay may be estimated as

(5.2.2)
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In the low-current region, the transistor width is set to Wmin and hence the intrinsic 

capacitance is constant. It is then safe to conclude that for any tail-current Iss  <  II-, the 

delay is directly proportional to the voltage swing.

High-Current Region

When the tail-current Iss > I I  and the voltage swing is equal to  the minimum swing 

AK„)n, we have

AV =  A vmin 

w > wrmn
The total capacitance can be approximated as a linear function of the transistor width 

W . The tail-current can be expressed as

Iss
W  

k —r (A V )C
Jb

(5.2.3)

Substituting for Iss  and Cintr in equation 5.2.2 and rearranging, we get

D h =  0.69 bintr + CL) AV  
k ^ ( A V ) a

Using equation 5.2.3, the transistor width may be written as

(5.2.4)

W  = j ss^  (5.2.5)
k( AV)a v ’

By substituting for W  in 5.2.4, we can expose the relationship between the delay and 

the voltage swing in the high-current region.

D„ = 0.69 Q-intrl1 1 (pintr T Ct)AV
k A V - 1 +  JTs

(5.2.6)

The derivative of the delay expression can convey a lot of information about the delay 

sensitivity to the voltage swing.

dD
d(A V )

= 0.69 nintrl1 (1 ®) I bmtr + CL
k A V C Iss

(5.2.7)
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The optimum voltage swing for the lowest delay is

A T /  a  { a  1  ) I s s L  a i n t r  0

Av°*=]j i h^Tc,  ( 5 ' 2 ' 8 )

It is concluded that in general, a small swing is desirable for low tail-current values, 

while for currents higher than IL, increasing the voltage swing improves the delay up until 

a certain value AVopt.

5 .2 .2  M C M L  U niversa l G ate  D elay  M od el

In the previous section, we derived a delay model for the basic MCML inverter. In this 

section, the same procedure is repeated to derive the delay expression for the MCML 

universal gate. Figure 5.9 shows the small-signal model of the MCML universal gate half

circuit.

C gd3

gs3

C®1 + Csb3 + Q*4V, gs l

Figure 5.9: Standard universal gate small-signal model

The worst case delay for the universal gate occurs when the input is applied to one 

of the lower-level transistors and the output is picked up at the drain of M5. Because 

of the addition of the balancing transistor, the propagation delay from any of the lower- 

level transistors to  either of the output branches is almost identical. In this analysis, it 

is assumed th a t the input is applied at the gate of M l and the output is at the drain of
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M5. M4 and M5 gates are connected to V d d , while M3’s gate is connected to V d d  — AV". 

This arrangement is equivalent to an NAND(NOR) gate with one of its inputs always 

Low(High).

In the universal gate small-signal model, capacitance can be lumped into three loads: 

Ci, C2 and C l ■ Capacitor C\ represents the portion of the intrinsic capacitance seen by 

the load resistance R  . The capacitance C'2 is the other portion that is charged through 

the upper-level transistor’s equivalent resistance l /g m • The capacitance C l represents 

the fan-out and wiring capacitance at the output node and is assumed, for now, to be 

independent of the logic gate’s size.

Ci = 2Cgdo +  2 [Cjsw{2z + W) + CjzW]
C2 = 3CgdoW  +  (2/3)CoxW L + 3 [Cjsw(2z + W) + CjZW] 

where Cgdo is the gate to drain overlap capacitance per unit length, CJSW is the drain-to- 

bulk side wall junction capacitance per unit length, Cj is the drain/source floor to bulk 

junction capacitance per unit area and 2 is the drain region extension. The total delay 

is [14]

D  = 0.69 (Cx + CL)A V  C2 (5.2.10)
ISS 9m.

The cascading of the NMOS transistors in the universal gate causes the lower-level 

transistors, M l and M2, to operate in triode when their respective branches are on. This 

arrangement makes the upper-level transistors, M3, M4 and M5, in control of the voltage 

Vx. In this case the current equation will be slightly different than the one used earlier. 

The current now is expressed as

W
Iss  =  fc— (AV -  Vd sxT  (5.2.11)

where Vdsi is the voltage drop across Ml. Using this result and following the same pro

cedure as done for the inverter in Section 5.2.1, the delay for the two operation regions is 

expressed as
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Dl = 0.69 (ai Wmin +  61 +  Cl) A V  (a2 Wmin +  b2)(A V  — V d s i  — s)
I O i l

(5.2.12)

D h =  0.69 , AT, , AV — Vd s i  ̂
[ai A V  4- a2--------------- )

L
a 'k {  A V - V DS1)

(bi + Cl ) A V  b2(A V  — Vd s i) 
I  a i

(5.2.13)

The complete derivation of equations 5.2.12 and 5.2.13 is shown in Appendix C. This 

expression suggests that the delay due to the wiring and the fan-out capacitance is directly 

proportional to the voltage swing. The other portion of the delay has a weak inverse 

relationship with the swing. Hence, if the wiring and fan-out capacitances dominate the 

gate intrinsic capacitance, then a smaller swing is desirable. On the other side, if the 

transistors-width dependent capacitance is dominant, then a larger swing is optimal. This 

can be rationalized by noting that when the swing is small a large transistor is needed 

to sufficiently switch the tail-current. Figures 5.10 and 5.11 show the model delay versus 

current and voltage swing respectively for a fan-out of 2.

60

45

35

25

20.20 60 100 120 140 160

  0.35 V
- -  0.55V 

0.75 V

30

Iss (uA)

Figure 5.10: Model delay versus tail-current for a fan-out of 2
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  20 uA
50 uA 
8 0 uA

S'50

0.4 0.5 0.6 
Swing (V)

0.7 0.8 0.90.3

Figure 5.11: Model delay versus voltage swing for a fan-out of 2

Figures 5.12 - 5.14 show plots of the model delay versus fan-out for tail-currents of 20 

//A, 100 jj,A and 140 jJ,A respectively. In Figure 5.13, the delay is lowest for all fan-outs 

when the swing is 0.35 V. In Figure 5.14, a voltage swing of 0.75 V is optimum for a fan-out 

of 1. If the fan-out number is between 2 and 7 then a swing of 0.55 V is optimum. For 

a fan-out higher than 7, the best voltage swing is 0.35 V. The conclusion is th a t smaller 

swings are desirable for large fan-outs and low power designs. For high speed applications, 

larger voltage swings are usually needed to achieve the lowest delay.
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350
  0.35 V

0.55V 
0.75 V300

250

«>200

100

Fan Out

Figure 5.12: Model delay versus fan-out for a tail-current of 20 fiA

  0.35 V
0.55V 
0.75 V

Fan Out

Figure 5.13: Model delay versus fan-out for a tail-current of 100 /iA
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45

  0.35 V
— - 0.55V 

0.75 V

Fan Out

Figure 5.14: Model delay versus fan-out for a tail-current of 140 jiA 

5.2 .3  M od el A p p roxim ation  - B rid g in g  th e  G ap

So far, we have developed a delay model that is an explicit function of only the tail-current, 

voltage swing and the technology dependent parameters k , Wrnin , L min , a i)2 and &i>2. 

The delay model, however, has some discontinuity in the barrier between the high and 

low-current regions at the point I I • It is very important to insure that the model does 

not have regions where the slope changes rapidly. Figure 5.16 shows the delay versus the 

tail-current for the delay model and an improved version of the model. The dashed curve 

is an approximation of the original model. The approximation is obtained using weight 

functions. A region with a radius r  is defined with the current 4  at its center. If the 

tail-current is higher than IL + r  then the delay is calculated using the high-current delay 

equation. If the current is lower than IL — r then the low-current delay equation is used. 

Within the transitional region, the delay is approximated as a weighted sum of the two 

equations. The delay model becomes
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{ Dh  : Iss  > h  + r
DL : I Ss < h - r  (5.2.14)

wh Dh + wl D l : IL -  r < Iss  < h  + r 

The weight functions wh and wl are given by

*>h =  i f e  - h - r )  +  l (5 2 u )

Wl — (—Iss + h  + r)

The weights are plotted in Figure 5.15 versus the tail-current when h  — 30 fiA. There 

are many elegant approximation techniques that can be used to yield a smooth curve in the 

transitional region [23], but the developed linear technique is sufficient for the purposes of 

this thesis. Figure 5.16 shows the model delay before and after the linear approximation.

When applied to a mathematical solver to find the optimum operating points for lowest 

delay, the discontinuous model caused the solver to struggle around the point h • The 

modified model, on the other hand, has better convergence rate and the solver always 

reaches the optimum solution regardless of the location of the starting point.

Figures 5.17 and 5.18 show 3-dimensional views of the proposed mode. The delay model 

is plotted against the tail-current and the voltage swing.

5.3 M odel V alidation

In this section, we assess the accuracy of the delay model. This is done by comparing the 

model to simulation results for different tail-currents, voltage swings and output loads.

Tables 5.2 and 5.3 show the model accuracy for a standard fan-out load Cl =  1.125 fF. 

The model average error is 3.6% .Table 5.2: Delay Model Accuracy

Mean Error Max Error Min Error a

3.6% 12.9% 0.01% 2%
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Figure 5.15: Illustration of the weights versus tail-current. Il =  30 n A
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Figure 5.16: Comparison between the original model and approximated model
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MCML Delay Model
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Figure 5.17: 3-dimensional view - Delay model plotted against tail-current and voltage 
swing

MCML Delay Model

60
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Figure 5.18: 3-dimensional view - Delay model plotted against tail-current and voltage 
swing
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Table 5.3: Model error for various currents

Current Mean Error

20 fiA 3.3%

100 fxk 3.2%

140 piA 3.9%

200 M 5%

Figures 5.19 - 5.22 show a comparison between the proposed model and spectre simula

tion results. In Figure 5.19, the delay is plotted against the tail-current for voltage swings 

of 0.55 V and 0.65 V. Figures 5.20, 5.21 and 5.22 show the delay as a function of the output 

load for voltage swings of 0.35 V, 0.55 V and 0.75 V.

Delay V ersus Current

 0.55 Model
—  0.55 Spectre
 0.65 Model

0.65 Spectre

.Cg<DQ

Iss X 10

Figure 5.19: Comparison between the model and spectre - Delay versus current

Table 5.4 lists the expected and fitted values of the model coefficients. There are many 

reasons for the difference between the expected and the fitted numbers. The delay model 

is based on Elmore’s approximation which assumes an impulse input. The model is fitted 

to measurements obtained from a logic gate that is driven by a similar gate and hence the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

Model
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Fan-out

Figure 5.20: Comparison between the model and spectre - Delay versus fan-out for a 
tail-current of 60 fj,A and voltage swing of 0.35 V

100
—  Model
-  -  spectre

£  60

Fan-out

Figure 5.21: Comparison between the model and spectre - Delay versus fan-out for a 
tail-current of 60 //A and voltage swing of 0.55 V
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Figure 5.22: Comparison between the model and spectre - Delay versus fan-out for a 
tail-current of 60 fiA and voltage swing of 0.75 V

input signals have finite slopes. Ignoring the biasing effect on the junction capacitance is 

another reason for the discrepancy between the expected and fitted coefficients values.

Table 5.4: Delay model technology dependent parameters

Coefficient Expected Fitted

ai 2.05E-9 1.96E-9

7.00E-9 5.59E-9

h 6.10E-16 3.49E-16

1.80E-15 8.00E-16

5.4 M C M L w ith  A ctive Load

Until this point, we have considered only MCML gates with resistive loads. Resistive loads 

are not suitable for large scale integration for a number of reasons. First, integrated resis

tors consume larger area when compared to active devices. Moreover, integrated resistors
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values often experience large process variation, which reduces the accuracy of the delay 

models. To combat the unpredictability, designers resort to increasing resistance values to 

insure that the gates will have enough gain to operate properly under all circumstances. 

The penalty is a reduction in the circuit power-delay-product.

One drawback of using active loads, on the other hand, is that they impose a limit on 

the maximum allowable swing. This is because the PMOS loads must operate in the linear 

region. As the voltage swing increases the devices start to show nonlinear behavior. For 

this reason, the analysis in this chapter will assume that the PMOS’s gates are connected 

to ground in order to allow the maximum linear range. If a larger swing is desired, then a 

negative voltage supply is required to extend the PMOS devices linear region. The purpose 

of this section is to modify the delay models in (5.2.13) to facilitate the inclusion of PMOS 

active loads. The work in this part has been delayed until later to allow us to focus on the 

main objective and to reduce the complexity of the procedure by dividing the work into 

subtasks.

The delay model is based on Elmore’s approximation. Based on this, we can add an 

extra term to account for the PMOS contribution to the gate delay. This extra term has 

the form

D p m o s  = 0 .m CpMOsAV (5.4.1)
-ISS

where Cpmos = CgdoWp -t- CoxWpLp/2 4- CjzWp +  CjSW{2z +  Wp)

Ideally, we would like to keep the PMOS transistor dimensions as small as possible to 

improve the power-delay-product. Using the linear-region current equation, the nominal 

current value at which the PMOS parasitic capacitance is lowest may be expresses as

T — 9 h-t-nom —  r̂vp 1j■

(VDD ~  Vt p ) A V  -
AV

(5.4.2)
2

where Vpp  is the PFET threshold voltage. For any voltage swing value AV, if the current 

is to be increased, then the PMOS width must be increased accordingly to preserve the 

equality in 5.4.2. On the other hand if the current is to be lower than Inom, then the length
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must be increased while the width is kept to a minimum. Based on this observation, we 

can write separate delay expressions for the two cases to eliminate the transistor widths 

and lengths from the list of variables.

When Wp/Lp > Wmin/L min, the PMOS capacitance may be expressed as C p m o s  — 

(ipWp  +  bp) where

Wn = IssL22

2k,'•p[(VDD-VTp i A V - ^ \

C'gdo 
bp - 2zCjSW

CqxLox^rmn 4- CjZ +  c.JSW (5.4.3)

where kp — fJ,pC ox/ 2. By using the equations in 5.4.3 and substituting into 5.4.1, we get

D p m o s  =  0.69 (lpLmin +
bpAV

2kp(VDD- V Tp - ^ )  ' Iss
(5.4.4)

When Wp/Lp < Wmin/ L miri) then the PMOS capacitance may be expressed as Cpmos 

CpLp +  dp, where

2ki■pWmin[(VDD- V TP) A V -

Iss
Cp — CoxW,ox vvmtn (5.4.5)

dp CgdoWfnin 4” C jZ W min 4“ C jsw(/2,Z 4~ IPmm) 

By using the equations in 5.4.5 and substituting into 5.4.1, we get

D p m o s  =  0.69
A P

ss

9 k  W  •t,n>p v v rrnn ('VDD -  Vt p )A V A V 2

4- dv
iss

(5.4.6)

The PMOS delay contribution is a function of the voltage swing, tail-current, supply 

voltage, PMOS threshold voltage Vpp and technology dependent parameters. The expected 

and fitted values of the model coefficients are listed in Table 5.5 .
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Table 5.5: PMOS delay model technology dependent parameters

Coefficient Expected Fitted

dp 3.04E-9 4.14E-9

bp 7.04E-16 5.839E-16

Cp 9.49E-10 2.9E-9

dp 1.20E-15 1.10E-16

5.5 Sum m ary

In this chapter, the importance of complete switching for Multi-level MCML gates has 

been emphasized through simulations and then justified by means of small-signal and 

large-signal analysis. It was found that incomplete switching causes a leakage current in 

the ’off’ branch. If the leakage current is large enough in proportion to the tail-current Iss, 

the logic gate may fail to propagate the signal.

To prepare a good mathematical model for solvers, a good understanding of the tradeoffs 

under the robustness conditions is required. A delay model was developed and compared to 

simulation measurements. The model hides the delay dependence on the internal voltages 

and transistor sizes and illustrates the impact of the current I ss, the voltage swing and 

the fan-out load only. The delay was measured against the current Iss, the voltage swing 

and load capacitance. Results show that the model average error is 3.6%. The technology 

parameters were extracted using curve fitting techniques and then compared to predicted 

numbers. The discrepancies are due to the finite slope of the test input and the disregard 

to the biasing effect on the junction capacitances.
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Chapter 6 

MCML M athem atical Program

A few attempts have been made to develop an automatic procedure to optimize the per

formance of MCML circuits. The most relevant attempts are due to [3] and [5], in which 

an optimization procedure based on mathematical programming has been developed. In 

these efforts, the MCML gate performance metrics, namely delay, power and area, are 

described in terms of circuit voltages, currents, transistor sizes and resistive loads. The set 

of constraints included the minimum mid-swing gain, maximum leakage current allowable 

and upper and lower bounds on the DC currents and technology related constrains like 

the transistors sizes. These programs have nonlinear and tight constraints. If the design 

to be optimized involves one or a handful of gates, then an educated initial guess may 

be sufficient to produce a global minimum. As the design complexity increases, however, 

producing an educated guess becomes harder to accomplish. As it stands, state-of-the-art 

global optimization techniques are not yet capable of solving large scale nonlinear programs 

with tight constraints. The solution lies in deriving a model that is simple enough for the 

solver to handle and is yet accurate enough to give dependable results.

6.1 M CM L M odeling

It was established earlier that direct translation of the circuit schematic to a mathematical 

program produces poor results and does not qualify the model to be used in large-scale 

problems. In Chapter 5, a delay model for MCML universal gates has been derived and

81
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verified. In the next section, the model is configured for MCML optimization.

6.1.1  D elay  M od el C ond ition ing

The previous analysis and model derivation in Chapter 5 has been done by assuming a 

fixed load capacitance C l ,  that is independent of the driver gate size. This assumption 

is valid when the gate is required to drive a fixed external load. For our purposes, it is 

of most use to define the load Cl in terms of the design variables. The explicit design 

variables are the MCML tail-currents and voltage swing. The implicit variables are the 

load resistance, transistors sizes and internal nodes voltages. To accommodate this, the 

parameters cll, bL and j  are introduced to express the load capacitance as a linear function 

of the gate transistor width and the technology dependent constants. The load Cl can be 

written as

CL = j( a LW  + bL) (6.1.1)

where W  is the width of the driver transistors and

=  Cgdo +  (2/3 )CoxL ^
h —  PUL  — C/w ire

The capacitance CWire represents the wiring capacitance at the output. The parameter 

j  can either be an integer to represent the number of fan-outs when all gates have the same 

size or a real number that represents the ratio between the sum of the fan-out sizes and 

the size of the driver.

j  = (6-1.3)
W  D r iv e r

By making the necessary substitutions and getting rid of the transistor size W  as before, 

the MCML inverter delay becomes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

DLow =  0.69 

D m gh =  0.69

( I - 'ir i  t/r ~t~.7 ̂  J .  )  A  V

Iss
f a in t r  V.7 ̂ L  ) I1 1 i {bjrifr ~}~jh[^ A V  

k  A V “ - 1 "1" tss

(6.1.4)

Likewise, the delay model for the MCML universal gate may be expressed as

-Dlou, =  0.69 

D m gh =  0.69

(a i W m irl+ j a L W m i n + b i + j b L ) A V  , (q2W min + 62) ( A V - y Dg 1- s )  
7  ^  ai

( (a i+ ja L) £ V  + a2A V - V p s x  \  L  i ( b i+ jb L ) A V  . f r d A V —V p s i )
a  Ik(AV~VDSi) ~r  I 'r  ai

(6.1.5)

6 .1 .2  M o d el A ccuracy

The model accuracy is measured again for the revised model. The model error for different 

tail-currents and voltage swings is shown in Table 6.1 . The model average error is 3.84%. 

The error is highest at high tail-currents and voltage swings.

Table 6.1: Model error for various currents and voltage swings

Iss  (M ) /  A C (V) 0.35 0.55 0.75 0.95

60 4.5% 0.9% 1.5% 6.2%

100 3.6% 3.2% 3.9% 2.1%

140 3.7% 3.5% 3.8% 4.9%

200 3.6% 2.8% 4.2% 9.4%

Table 6.2 shows the fitted values of the technology dependent fan-out coefficients. 

Table 6.2: Fan-out technology dependent coefficients

Parameter Expected Fitted

aL 1.45E-9 1.98E-9

bL 0 6.13E-18
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6.2 D efin ing th e  C onstraints

84

In this section,we demonstrate the procedure to construct a mathematical program for an 

MCML logic circuit by means of an example. Suppose it is required to minimize the power 

dissipation of the circuit shown in Figure 6.1 while meeting a specific timing requirement.

OUT02 03IN —

B3

B2

Figure 6.1: A logic circuit example

Also assume tha t the critical path is from the node labeled I N  to the node OUT. The 

circuit is required to drive the load Cl which could be the input of a storage element. The 

propagation delay must be less than or equal to a specified time, Tcik for example. It is 

also assumed th a t the power supply VDD is fixed and hence is not a design variable. The 

general problem becomes

M inim ize Iqi +  Ig2 +  Igz +  Art +  Ib 2 +  Ibz 

subject to

D g i  +  T >q2 +  D g 3  < T cik 

Gainm > 1  m  =  1,..., 6 

V S R m > V  S R min 

AVmtn <  A V  < AVmax 

H!rnn C 11A A IlAa.T

Imin — An — I  max
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The term AVmin in the program is not the same as the value defined earlier as a 

requirement for complete switching. It is meant to provide a lower bound for the voltage 

swing.

The delay models that were developed in Chapter 5 do not require the transistor sizes 

values. Hence, we can immediately discard the lower bound constraints on the transistor 

size width.

6.2 .1  A C  G ain

Using the previously made assumptions on complete-switching and robustness, the small- 

signal gain is estimated as

A y  =  qmR  
y  6 .2 .1) 

gm = 2 k f (0 .h A V )

where k = unCox and gm is the small-signal mid-swing transconductance. Note that 

A V  =  R  x Iss ■ Substituting for grn and R  in the AC gain equation, we get

2 k ^ 0 .5 A V 2
A v = - A - ----------=  1 (6.2.2)

Iss

6 .2 .2  D C  G ain

The DC gain can be expressed as [12]

Gain = ~ x  (6.2.3)
Iss  V L

Also note that

W  /<?<?
kT  = a!& (6-2'4)

Substituting again for the term k W /L  from equation 6.2.4 into the DC gain expression 

yields
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Gain = V2  (6.2.5)

Thus, when the input voltage swing is larger than the minimum swing required to 

completely switch the tail-current, the DC gain is always higher than \/2.

6 .2 .3  N o ise  M argin

The noise margin for an MCML inverter is

( 6 - 2 ' 6 )

A small-signal gain of 1 yields a noise margin of 0.24AC. This noise margin is relatively 

low. The differential signalling mode, however, makes it possible to operate the MCML 

gates safety, even at low noise margins. The low gain and noise-margin have a major 

advantage in the sense that they reduce the propagation delay.

6.3 T he M athem atical Program

The discussions in Sections 6.2.1, 6.2.2 and 6.2.3 reveal that when an MCML gate is 

completely switched, that is, the gate satisfies

' I,ssL
/ s s X -R - V w  ( 6 ' 3 1 )

Then, the following is also true

A V > 1

Gaindc .6.3.2)
N M  >  0.24AV 

V S R  «  100%

Based on these results, the MCML mathematical program may now be reduced to 

M inim ize  Ic\  +  Ig2 +  Igz +  Irn +  h n  +  Ibz
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subject to

DGi + Dq2 + Dq3 <  Tcik 

AVmin < A V <  AVrnax

I m i n  —  I m  —  I  m a x

The upper bound on the voltage swing is determined by observing the requirement that 

the current sink transistor must remain in saturation. That is

AVmax = VdD T by Vx,min-

Back to the optimization example, having developed the mathematical program, the 

question becomes how to express the sizes of the gates relative to each other if the transis

tors widths were eliminated as variables. Referring to the MCML delay model in Section 

5.2.2, it was mentioned that j  may be the number of fan-outs if all the gates in the design 

have the same sizes, or the ratio between the sum of the fan-outs sizes to the size of the 

driver. So for the first gate G1 in the example, the number j  is

WG2 +  bbfii +  W b 2 lR o Q\
= ---- w s ;  ( 6 ' 3 ' 3 )

When Iss  is larger than Jy, the transistor width W  for gate m  may be expressed

<6-3-4>

where Im is the tail-current of gate m  and L  is the transistor length. The length L  is set

to the minimum feature size. By substituting for Wm in 6.3.3, the number jo i  becomes

I G 2  +  I b I +  I b 2 o  r \
Jg i  = -------------j------------ (6 -3 .5 )

I G 1

When a gate is operating in the low-current region, then ISs <  I I  and the transistor 

width W  =  Wmin. The number j  for such a gate is

j  =  ^  Whoad (6.3.6)
^^min

Assuming that the voltage swing equals to AVmm, then the tail-current Jy may be
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expressed as

I I  =  k W m in  A y 2  ( 6 .3 .7 )
Li

Thus, when the gate is operating in the low-current region we can replace the gate’s 

tail-current with IL . This result can be extended to the case when one or more of the

fan-out gates is operating in the low-current region. If the second branch B2 in the example

operates in the low-current region, then

Ig2 +  Ib\ + h  ,RQ
J g i  = -j  (6.3.8)

J-Gl

Table 6.3 shows a head-to-head comparison between the different mathematical models 

for MCML gates in terms of complexity. The symbol TV denotes the number of gates in 

the design.

Table 6.3: Proposed Model complexity compared to previous work

Attribute [3] [5] This Work

Variables 107V+  1 77V+  1 TV -f 1

Equality Constraints 27V +  1 37V 0

Inequality Constraints 117V 2 TV 1

6.4 M odel C onvexity

The proposed delay models in Section 5.3 have substantially reduced the complexity of the 

MCML optimization problem. Another potential advantage of the new model is convexity. 

In most cases, labeling a multi-variable function as convex is a strong claim since it is 

usually hard to prove convexity. The model at hand is simple and its feasible domain is 

small making it easier to assess the model convexity.

Convexity can be proven theoretically by showing tha t the function satisfies the con

ditions discussed in Chapter 3. Mprobe, a mathematical programming assessment tool,
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draws information about the convexity of a function by picking random pairs of points 

in the feasible domain and testing whether the line segment connecting the two points is 

completely above the function graph [30].

In this work, the focus is on the ability of the solver to find the global optimum solution. 

The proposed model will be assessed theoretically and practically. The theoretical approach 

follows the procedure used in Mprobe. The results should provide valuable information 

into the shape of the model and expose the regions where the function might be nonconvex. 

The practical approach involves two tests. The first test is carried out by running the solver 

many times with different initial solutions. Before each run the solver is provided with a 

random initial solution and the results are then collected and analyzed. The aim of this 

test is to sense whether the mathematical program produces different results for different 

initial guesses. The second practical test is to solve the model using a global optimization 

method and compare the results to the output of the local optimizer.

6.4 .1  A n a ly tica l Test

In chapter 3, we stated that a function /  is convex on a convex set S  if

f{0pi +  (! -  6)P2) < 0 /(p i) +  (1 -  0)/(pz)

In other words, /  is convex if the line segment connecting the points (p i,f(p i))  and 

(P2 , f{P 2)) lies on or above the function graph [20]. Figure 6.2 illustrates the convexity 

condition.

To assess the convexity of the proposed model, an algorithm has been developed and 

implemented in MATLAB. The code picks a large number of random-pairs of points in the 

feasible domain and checks whether the line segment between any of the pairs is below the 

model graph. It was found that the convexity condition was often violated around the value 

I I  ■ This is expected since the model is not continuous around I I  ■ The severeness of this 

violation and its effect on the convergence towards the right solution will be investigated 

further in the next sections. Figure 6.3 shows a segment of the model where convexity is 

violated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



£u.

Figure 6.2: Illustration of the convexity condition
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Figure 6.3: A segment of the model curve where convexity is violated
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Figure 6.4: The model non-convex segment magnified for illustration

The graph shows that even though a part of the line is below the function, there are 

no critical points that might trap the mathematical solver.

6 .4 .2  P ractica l T ests

Varying the Starting Points

One property of a convex program is th a t if it has a local minimum then x opt is 

also a global minimum [21] [31]. The proposed MCML optimization program has been 

solved using a local optimization technique known as Sequential Quadratic Programming 

(SQP) [21]. To test whether the solution is global, the initial point is varied randomly in 

the feasible design space. It has been found that regardless of the starting point position, 

the solver has always reached the same solution but with different execution times. The 

assumption here is that the initial guess is a reasonable one.

Table 6.4 shows the results of an experiment to probe the efficiency of the proposed 

mathematical program. In this setup, the program is run 100 times with randomly gener

ated initial points. It is required to find the tail-currents and voltage swing th a t achieve 

the minimum delay through a 3-gate chain for a maximum power dissipation of 216 ^W.
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To compare the performance of this program to previous work, a mathematical program 

similar to the one proposed by [3] and [5] has been constructed and applied to the same 

problem using the same numerical solver. The results are shown in Table 6.4. In the case 

of the proposed model, the resultant delay varied from 103 ps to 110 ps with an average of 

105 ps. The other program however had a minimum delay of 132 ps and an average delay 

value of 1806 ps. This shows that the vast majority of the results are actually very far 

from the global minimum and in order to find the global minimum, the program must be 

solved a multiple number of times with many initial points to find an acceptable solution. 

As the design becomes larger, more iterations are required to find the global solution.

Table 6.4: Optimization results and execution times of the proposed model compared 
against previous work

Statistic This work [3], [5]

Number of Iterations 100 10,000

Average Objective Value 105 ps 1,806 ps

Maximum Objective Value 110 ps 4,197 ps

Minimum Objective Value 103 ps 132 ps

Average Power Consumption 216 nW 213 fiW

Maximum Power Consumption 216 //W 216 ii W

Minimum Power Consumption 216 /iW 111 fiW

Average CPU time 0.59 s 0.19 s

Maximum CPU Time 1.83 s 2.8 s

Minimum CPU Time 0.23 s 0.11 s

Note that the absolute value of the minimum objective function does not necessarily 

tip the scales towards one method or the other. The most important figure is the number 

of attempts carried to find a reasonable solution.

In Figure 6.5, the objective function values that resulted from solving the program 

in [3] for 10,000 times are normalized to the global minimum value and plotted against
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their respective number of occurrences. The plot shows that only 10 iterations out of 10,000 

have resulted in an objective function value that is within 10% of the global minimum.

The results also show that the proposed program requires more CPU time than the 

program in [3]. It will be shown in section 6.4.2 that the proposed program actually 

converges to the global solution regardless of the location of the starting guess. This 

means that the solver requires more iterations to converge, if the initial guess is far from 

the global solution. On the other hand, the programs in [3] and [5] have numerous valleys 

in the feasible domain. Hence, the solver will quickly proceed downhill to the nearest local 

minimum.

600  -|

500

1 2 3 4 5 6 7 8 9  10

Figure 6.5: Number of occurrences versus the solution value normalized to the global 
minimum value after 10,000 iterations with the program in [5]

Global Optim ization

The second practical experiment involves finding the solution to the problem using a global 

optimization method. In this test, Simulated Annealing method is used to find the global
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solution [32]. A description of the simulated annealing algorithm is provided in Appendix- 

A. The results are then compared to the output from the SQP algorithm, a local opti

mization method. The results for different circuits are shown in Table 6.5. Results show 

that outputs from both the local optimizer and the global optimizer are identical. This 

means that the proposed model has only one valley in the feasible region. Also note that 

the global optimizer requires much longer time than the gradient based SQP algorithm.

Table 6.5: A comparison between the results of the simulated annealing technique and the 
SQP algorithm

h  (M ) h  (//A) h  (M ) M AV(V) D  (ps) CPU (s)

SA- I N 179 N/A N/A 179 0.82 21.2 863

SQP- I N 180 N/A N/A 180 0.85 21.2 0.3

SA- 2N 110 89 N/A 199 0.76 51.5 894

SQP- 2N 104 96 N/A 200 0.77 51.6 0.5

SA- 3N 79 59 62 200 0.70 87.2 891

SQP- 3N 69 63 67 199 0.72 87.3 0.6

SA- ION N/A N/A N/A 319 0.74 324 1001

SQP- ION N/A N/A N/A 320 0.73 329 1.5

Where N  is the number of gates in the path. The basic simulated annealing algorithm 

can not handle constraints. To use simulated annealing to solve the proposed MCML 

program, some modification to the algorithm or the model is needed. Luckily, in our 

case, the model is simple and can easily be modified by using penalty methods. In penalty 

methods, the constrained problem is converted into an unconstrained one by amalgamating 

the constraints into the objective function. This is done by introducing a penalty term to 

the objective function. A penalty function imposes a penalty for infeasibility. Appendix A 

contains a detailed description of penalty methods. The procedure is to assign the objective 

function a high value when one or more of the constraints is violated. The penalty function 

is typically required to be continuous and once or twice differentiable depending on the
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method used. When the method used is heuristic and uses function evaluations only, as 

in the case of simulated annealing, it is sufficient to have walls around the feasible region 

even if this produces discontinuities in the merit function. An algorithm that emulates the 

barrier effect on the model is outlined in Figure 6.6.

Start

i f  AV  ̂ < AV< AV,™
penalty = objfun;

e l s e
penalty = + in fin ity  
return

end

i f  max(Ij,I2,_) < Imx && minCIx, I2,...) > I, 
penalty = objfun;

e lse
penalty = +<» 
return

end

i f  V,* 1(1) < P„
penalty = objfun

e ls e
penalty = +™ 
return

end/

Figure 6.6: Algorithm to evaluate the simulated-annealing cost function

6.5 T he A lgorithm

To verify the applicability of the mathematical model, an optimization algorithm has been 

developed in MATLAB and used as a test bench. The algorithm proceeds as follows:

1. Read the circuit netlist. The netlist describes the gate level circuit schematic. The 

netlist may be represented by a table th a t consists of 4 columns. Column 1 shows the gate 

numbers, column 2 lists the first input node numbers, column shows is the second input 

node numbers and column 4 lists the gate output node numbers.
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2. Extract all the possible paths from all the inputs to any of the outputs.

3. Find the critical path. Determining the critical pathes of large logic circuits is a 

complex procedure [18] [33]. In this example, a simple function has been developed. The 

function takes all the possible paths, calculates the delays along each path and returns the 

longest path from the set.

4. Prepare the delay model for the critical path to be used as an objective function.

5. Solve the mathematical program. The mathematical program is passed to a general 

purpose solver which returns the optimum tail-current and voltage swing values.

6. Collect the results and calculate the circuit component values (W, R, Ws. Wp, Lp).

6.6 D esign  Exam ple I: 4 -b it Carry R ipple A dder

In this example, the procedure to optimize a combinational MCML circuit is demonstrated. 

It is required to minimize the worst case propagation delay of a T bit carry ripple adder 

for a given maximum power dissipation. To simplify the example, only a 1-bit Full Adder 

design will be discussed in detail. The results for the T b it adder are tabulated at the end 

of the section. Figure 6.7 shows the full adder circuit schematic.

Table 6.6 shows the node number assignments. These call numbers will be used later 

to construct the circuit netlist and identify the critical paths.

6 .6 .1  M ath em atica l P rogram

The mathematical program for this example may be written as 

M inim ize Delay

subject to 52 I ss,m < Ima3: m  = 1, . . ,  6

For simplicity, it is assumed that the XOR gates have identical delay models to the 

universal gates. In practice, the delay models would still have the same form but with 

slightly different coefficients values. We also assume that both gate inputs have the same 

delay, that is the worst case delay.
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w

Figure 6.7: A Full Adder schematic

Table 6.6: Full Adder node assignments

Node Name Node Number

A 1

B 2

C 3

S 5

Ci+l 9

X 4

Y 6

Z 7
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6.6 .2  N e tlis t

The full adder netlist is shown in Table 6.7 .

Table 6.7: Full adder Neltist

Gate Input 1 Input 2 Output

1 1 2 4

2 4 3 5

3 1 2 6

4 1 2 7

5 6 3 8

6 8 7 9

6.6 .3  B ranching T able

The algorithm then calls the function branch. This function takes the netlist as an input 

and produces a ’branch table’ as in Table 6.8.

Table 6.8: Branch table

Gate Branch

1 2

2 0

3 5

4 6

5 6

6 0

The entries in the second column are the call numbers of the fan-out gates. If one logic 

gate’s fan-out number is assigned zero in the table, like the case in rows 2 and 6, then that 

logic gate does not have any designable fan-outs and its output is a design output. In the
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example, the outputs of gates 2 and 6 are the sum and the carry signals. The table may 

also be expanded horizontally if a gates is driving more than one gate.

6 .6 .4  C ritica l P ath

There are many ways to identify the critical path. This type of problem is known as the 

shortest path problem in network programming. Many algorithms to solve such a problem 

are available [34,35]. For this example we will exploit the branching table format to write 

a simple algorithm to identify the critical path. The fan-out entries in Table 6.8 serve as 

pointers to the rows corresponding to the fan-out gate numbers. For example, the fan-out 

entry in the first row is 2. This means that gate 2 is the fan-out of gate 1. But gate 2 

fan-out information is available in row number 2. This gives a set of all the possible paths. 

After all the possible paths are determined, a function called crt-path reads all the possible 

paths, calculates the delay for each path and returns the longest path and its corresponding 

delay. Table 6.9 lists all the possible paths. Path 1, for example, involves gates 1 and 2.

Table 6.9: Possible paths table

Path 1 Path 2 Path 3 Path 4 Path 5

1 2 3 4 5

2 0 5 6 6

0 0 6 0 0

6.6 .5  O b jective  F unction

The critical path is identified by the function crt-path. This information is passed on to 

the objective function which is responsible for constructing the delay model for the critical 

path. For this example, if the critical path was determined to be Path 3 =  [3, 5, 6], then 

the delay model is

D  =  £>3 +  Db +  D 6 (6.6.1)
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The fan-out number j  for gates 3 and 5 is calculated according to equation 6.3.3 . Gate 

6 may be assigned a fixed output load Cl -

6 .6 .6  O p tim ization

The program is then passed on to a nonlinear optimizer. Note that in this specific example, 

all the constraints are linear. The last step is to collect the optimization results and 

calculate the transistors sizes and resistor values that yields the optimum currents and 

voltage swing. The algorithm is as follows

Start

In it ia l iz e :  x = x0

while (new_delay < old_delay)

Identify the c r i t ic a l  path;

minimize the objective function along 
the c r i t i c a l  path;

xQ = x;
end

calculate Ri, Wi, Wsi 

return Ri, Wi, Wsi 

end

Figure 6.8: MCML universal gate design and optimization algorithm

6 .6 .7  R esu lts

The algorithm is applied to the Full Adder under the constraint Itotal <  500/i A . The 

Full Adder worst case delay is 83 ps. Table 6.10 shows the gates sizes, currents and voltage 

swings.

Table 6.11 shows the Tbit Ripple Carry Adder critical delay and power dissipation. 

The RCA results are also compared to a similar work reported in [15]. A schematic of the
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Table 6.10: Full Adder optimization results

Gate Iss  (M ) W  (pm) Ws (nm) R  (KQ A T (V) h  (/iA)

1 130 0.69 5.15 5.63 0.74 39

2 113 0.59 4.42 6.55 0.74 39

3 94 0.49 3.66 7.92 0.74 39

4 26 0.22 1 28.7 0.74 39

5 62 0.33 2.42 11.9 0.74 39

6 73 0.38 2.84 10.2 0.74 39

E 500 2.7 19.5 N/A 0.74 39

T b it adder is shown in Figure 6.9

Table 6.11: T b it RCA optimization results

4-bit MCML RCA Power (mW) Model Delay (ps) Simulated Delay (ps) Error

[15] 5.2 240 261 7.6%

This Work 3.6 210 217 3.2%

Notes and observations about the proposed program are in order. Only MCML univer

sal gates were used to construct the T b it RCA. The Length of the logic transistors is kept 

to the minimum allowable Lmin. In [3], transistor lengths were set to 2Lmm to improve 

the fabrication yield. On the other hand, this would kill the delay and is not suitable for 

high speed and low power applications. The Length of the current source transistor Ls 

was made to  500 nm to suppress the channel length modulation effect. This is critical for 

mixed-signal applications with low tolerance to noise. The tail-current control voltage Vn 

has been set to 0.75 V. Increasing this voltage will reduce the current source transistor 

size significantly but will cause the transistor to fall off saturation if the voltage swing was 

high. The full adder circuit has a worst case delay of 83 ps. In practice, a designer would 

arrange the circuit such that the data would pass through the gates inputs with the lower 

delay. In such a setting, the FA’s delay could be cut to less than 50 ps.
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Figure 6.9: 4-bit RCA schematic in Cadence
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6.7  D esign  E xam ple II: 8-b it D ecod er /D eM u ltip lexer

Decoders are commonly used in memory interfacing circuits. Next, an 8 to 256 decoder is 

optimized using the proposed algorithms. We will assume that the decoder is intended to 

drive memory word-lines with a capacitance of 500 fF each. The first word line W L q may 

be expressed in terms of the inputs as

W L q — A q.A \ .A 2 .A q.A 4 .A $ .A q.A 'j (6.7.1)

Figure 6.10 shows a schematic of the topology that will be used in this example. The 

topology involves only NAND gates and inverters. Even though the design may be realized 

by using AND gates only, adding the extra stages reduces the effort of each stage.

r>  tO /  3 \   /

- £ > 4 -

15

1 2  3 4 5 6

Figure 6.10: 4-bit RCA schematic

The objective is to minimize the power dissipation for a maximum critical delay of 1 

ns. The mathematical program becomes

M inim ize  8/ i  -I-16/2 T  I6/3 -j- 32/4 T  32/5 T  256/g -T 256/7 T 256/s 

Subject to

D\ +  D% +  Dz T  L) 4 +  D§ +  Dq D7 +  D% <  In  

AEmm <  A V  < AVmax

i  n t in  A  Im  L  Imax

The coefficients in the objective function represent the number of the gates of each 

stage in the whole decoder. The optimization results are shown in Tables 6.12 and 6.13.
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The mathematical program yields a minimum power dissipation of 180 mW. The model 

error is within 4.6% when compared to Spectre simulation measurements.

Table 6.12: 8-bit Decoder optimization results

Stage Iss  (/^A) Wn (fjm) Wp (fim) Lp (fim) A V  (V)

1 58 1.27 0.46 0.18 0.37

2 30 0.66 0.22 0.18 0.37

3 46 1.01 0.34 0.18 0.37

4 24 0.52 0.22 0.25 0.37

5 62 1.37 0.49 0.18 0.37

6 16 0.34 0.22 0.34 0.37

7 59 1.3 0.47 0.18 0.37

8 300 6.6 0.24 0.18 0.37

Table 6.13: 8-bit decoder theoretical and measured delays

Model delay (ps) Spectre delay (ps) Error

1000 1046 4.6%

6.8 M odel F lex ib ility

Schematic level transistor models use a default value for the drain region extension from 

the gate. This length is set to 0.48um in the kit used for this work, which is also the 

smallest extension allowable by the technology when the drain has a metal interconnect. 

Figure 6.11 shows a transistor with the minimum dimensions allowable for a drain region in

0.18/zm technology. In a multi-transistor layout, drain regions areas are varied to achieve 

certain floor planning criteria. This coupled with wiring capacitance reduce the delay 

model accuracy.
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Figure 6.11: MOSFET Layout

Fortunately, the proposed delay model is immune to such degradation. First, the model 

includes three terms that represents the delay contributions of capacitors that are inde

pendent of the gate size. That includes the wiring capacitance and the capacitance of the 

drain side walls parallel to the gate length. Secondly, the model parameters can be easily 

adjusted to minimize the model error for any particular design level (Schematic, Layout, 

Extracted, Chip). This is done by fitting the model to a set of collected measurements 

from the intended level. Table 6.14 shows the fitted parameters for the Extracted view. 

A Layout of an MCML universal gate with a swing of 0.55 V and tail-current of 20 fiA is 

shown in Figure 6.12.

6.9 M athem atical Program  Efficiency

In this section, the MCML gates that are designed by the proposed procedure are compared 

to CMOS in terms of power efficiency. Comparing the power dissipation of CMOS versus 

MCML is not an obvious task, since CMOS’s power dissipation is due to many factors other 

than the input frequency. The switching activity of the gates is an important factor that
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m m m . ; w m m .
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Figure 6.12: MCML NAND gate layout with a tail-current of 20 fj,A and a voltage swing 
of 0.55 V
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Table 6.14: Extracted view model coefficients

Coefficient Value

ai 3.05E-9

h 5.15E-15

a2 3.04E-9

bx 5.00E-16

a-L 2.05E-9

bL 1.16E-16

cip 2.10E-9

bp 1.99E-15

Cp 4.30E-9

dp 1.68E-15

cannot be easily estimated, since it depends on the input’s switching probability, the gate 

function (AND, OR, NAND, NOR) and the design architecture. Nonetheless, estimating 

the crossing point at which MCML becomes more efficient than CMOS is a worthy cause.

To make a fair comparison, the following assumptions are made. The gates have a 

propagation delay of 47 ps while driving an output load of 12 fF. The input combinations 

applied are 00, 01, 10 and 11, thus covering all possible combinations. Figures 6.13 and 6.14 

show power dissipation comparisons for a NAND and a NOR gate respectively. Simulation 

results show that the MCML NAND gate is more efficient than its CMOS counterpart at 

1.8 GHz. The intersection point for the NOR gate is 1.4 GHz. That is much higher than 

the reported value of 300 MHz in [7] for the case of the CORDIC DSP unit. Note that 

the comparison in this thesis is made between individual gates while the conclusion in [7] 

is based on the performance of the whole DSP circuit.

One may justify the discrepancy between the findings here and the reported numbers 

in [7] by looking at the fact that CMOS designs tend to have a large number of inverters to 

avoid using the inefficient and bulky AND and OR gates. This is not required in MCML,
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Figure 6.13: Power comparison between CMOS NAND gate and its equivalent MCML 
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Figure 6.14: Power comparison between CMOS NOR gate and its equivalent MCML uni
versal gate
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since universal gates may realize any of the basic function by simply interchanging the 

inputs and outputs. The inverted signals are also readily available. It was also found that 

the input capacitance of CMOS gates is usually higher than their MCML counterparts. 

This means that using the same output load in the previous comparison puts MCML 

at a disadvantage. That is because MCML gates drive other MCML gates with lower 

capacitance than that CMOS would drive. The CMOS NOR gate transistors sizes, for 

example, are 2 jum and 4 pm for the NMOSs and the PMOSs respectively. While the 

MCML gate transistors size is 2.1 pm. Hence, the CMOS input capacitance in this case is 

three times larger than that of MCML.

It is safe to say, therefore, that the most accurate way to identify the crossing point 

between CMOS and MCML is to implement the full design using both logic styles. Only 

then, a definite decision into which implementation is the most feasible can be made.

6.10 M CM L D esign  A u tom ation  Procedure

The following procedure outlines a proposed MCML design flow.

1.Choose the appropriate delay model: Use equations (5.15) and (5.20) for the single 

level gates, e.g. MCML inverte, or equations (5.27) and (5.28) for 2 level gates, e.g. 

universal gate, MUX, DLatch.

2. Extract the BSIMv33 DC model parameters for the targeted technology, namely a , 

kn , kp , A and V? ■

3. Calculate the approximate values for the delay model coefficients. These values will 

be used as initial points for the curve fitting step.

4. Measure the delay for MCML gates with different tail-currents, voltage swings and 

fan-outs. Too a few measurements may yield poor accuracy. Too many points require more 

computing resources. In this work, 30 points fairly distributed over the feasible space were 

sufficient to yield good accuracy. Size the logic transistors such tha t the gates have a V S R
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of about 98%. A Lower VSR may cause the gates to fail. A higher VSR on the other hand 

greatly degrades the gate delay.

5. Use a curve fitting algorithm to extract the coefficients values that minimize the 

average model error, namely ai , b\ , a2 , b2 , a,L , 6^ , ap , bp , cp , dp . A good practice is 

to break this step into two stages. First, the delay model with a fixed load is fitted with 

a known capacitive load C l  value to extract all the parameters except ci,l and ■ In the 

second stage, the general delay model is used to extract the load parameters and bi by 

fitting the model using delay measurements for gates with different fan-out.
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Chapter 7 

Concluding Remarks

7.1 R esearch C ontribution

In this thesis, a new method for the automatic design and optimization of MCML has 

been proposed. The method is based on a modified version of the standard differential- 

pair MCML universal gate. The motivation for the modifications to the standard universal 

gate topology is due to two factors. The asymmetry of the standard universal gate creates 

a major obstacle for the implementation of an equation-based automatic optimization of 

complex MCML digital designs. The asymmetric topology necessitates the introduction of 

tight nonlinear constraints.

The imbalance between the two MCML universal gate branches causes serious perfor

mance problems in high speed applications. For the same power dissipation, the modified 

topology has a 54% higher operation frequency over the standard universal gate. This 

improvement can be traded for power dissipation and silicon area. On the mathematical 

programming front, applying the symmetric topology has helped reduce the optimization 

problem size by getting rid of some redundant constraints and variables.

The proposed mathematical program is based on delay and power models that express 

their respective metrics in terms of the voltage swing, tail-current and process dependent 

coefficients only. When compared to spectre simulation results, the delay model shows 

an average error of 3.7% and a maximum error of 9.7%. The delay model has also been 

modified for use in optimization problems that involve multiple logic gates. To accomplish

111
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this, the relative gates sizes and their respective input capacitance loads are also expressed 

in terms of the tail-currents. Thus, we are able to eliminate the transistor widths from 

the variables set. The proposed mathematical program represents a circuit of N  gates 

with N  + 1  variables, compared to 7N  +  1 variables for the most recent works in the same 

topic [3], [5] . The model has one inequality constraint only, while [3] and [5] have IliV 

and 2N  constraints respectively.

To apply the mathematical program to large designs, an algorithm has been imple

mented in MATLAB. The algorithm reads in the circuit netlist, the power and delay 

requirements, converts the data into a mathematical program, solves the optimization 

problem using a general purpose gradient based nonlinear solver and finally calculates the 

optimal transistors sizes, bias voltages and resistance values if applicable.

The proposed optimization algorithm has been used to optimize a T b it ripple carry 

adder and a 8-bit decoder. The design involves 24 logic gates or 144 transistors. A number 

of theoretical and practical tests were carried out to verify the convexity of the program. 

Results have shown that the model converges rapidly to the global minimum regardless 

of the location of the initial guess. This is in large contrast with the results from a 

mathematical program similar to the ones in [3] and [5] . In this case, only 10 out of 10,000 

iterations with randomly picked initial points have resulted in a solution with an objective 

function value within 10% from the global minimum. The thesis ends with a proposed 

procedure that outlines the steps to building an MCML design and optimization tool.

7.2 Future W ork

The work that has been done so far is limited to MCML buffers and the standard universal 

gate with a balancing transistor. The procedure, however, is applicable to all symmetric 

MCML gates. That includes MCML XOR gates, multiplexers and latches. The goal is 

then to extract the technology dependent coefficients for each logic gate. At that point, the 

automation tool will have the capability to optimize MCML designs that include all basic 

logic functions (NOT/AND/OR/XOR), datapath elements (Multiplexer/D-Multiplexers)
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and memory elements (Latches/Flip Flops).

The MCML universal gate delay model requires the drain-to-source voltage Vds of 

the lower-level transistors to be known. The voltage Vds may be calculated by using 

the linear-region DC current equation. This, in turn, requires calculating the transistors 

widths, and thus, increases the complexity of the mathematical program. To solve this 

problem, a number of universal gates with different tail-currents and voltage swings have 

been simulated, and the voltages V d s  were recorded for every case. It was found that V d s  

varies only slightly around the value 0.2 V. Hence, and for simplicity, the voltage V d s  is 

estimated to be 0.2 V in all the delay models in this work. To improve the accuracy of the 

model without adding extra expressions, a look-up table may be used to assign the Vds 

values depending the tail-current and the voltage swing values.

The mathematical program will not be complete without taking into consideration 

the effects of the logic-gates layout. In this work, we assume that the drain and source 

areas are equal to the transistors widths times a default drain extension length z. In 

practice, this is not always true. Depending on some design rules and area requirements, 

the layout may have shorter or longer drain extensions. Also, some parts of the drain 

might not have the same width as the transistor gate width. This may be dealt with in the 

mathematical and the physical layout levels. Mathematically, the model may be altered to 

include compensation coefficients. In the physical level, layouts may be adapted by using 

consistent drain shapes for all the different gates, and especially, the drain and source 

regions that have the most significant effect on the worst-case delay.
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Appendix A

Optim ization Algorithm s

A .l  P enalization  M ethods

Penalization methods solve a sequence of unconstrained problems that will converge to the 

constrained problem solution. Each unconstrained problem contains a penalization term. 

This penalization term value is proportional to the amount of infeasibility. Penalization 

methods are sub categorized into two groups, Barrier methods and penalty methods. Bar

rier methods impose a penalty for approaching the boundary of the constraint. These 

methods work well for inequality constraints. The other group, called penalty methods, 

impose a penalty for violating the constraints. These are better suited for equality con

straints. An ideal penalty auxiliary function has the form

downward slope terrain into the interior of the feasible region. The auxiliary function we 

will use here is continuous in the interior of the feasible region and becomes unbounded at

0 : x  € S

where S  denotes the feasible set.

A .1 .1  Barrier M eth o d s

Barrier methods use an auxiliary term to impose a penalty for approaching the feasible 

region barrier. In other words, it forms a wall at the inequality constraint barrier and a
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the boundary of the region. Some of the most frequently used functions as barrier terms 

are the logarithmic function and the inverse function

m
00*0 = - E los (&(*))

J =1 (A.1.2)
<KX) =  E it=l

The Barrier function has the form

j3(x, fi) = / ( x) +  tuj>(x) (A.1.3)

When the scalar p, approaches zero, the barrier term fj.d>(x) will approach the ideal 

function a( x )  . Barrier methods solve a sequence of unconstrained optimization problems 

of the form

m inim ize (3(x,Hk)

for a gradually decreasing ft. The reason why we solve a sequence of problems with 

gradually decreasing /j, instead of solving one problem with very small /q is that it is much 

harder to solve a function that increases sharply close to the boundary. We start with a 

large /i tha t will give an easier problem to solve, and then /j, is reduced gradually with the 

solution from the previous iteration used as a starting point for the next.

A . 1.2 P en a lty  M eth o d s

When the problem is an equality constrained problem, the penalty method imposes a 

penalty for violating the equality constraints. In contrast to the Barrier methods, penalty 

methods start outside the feasible set and hence the name exterior point methods. As the 

method proceeds, the penalty term forces the iterates gradually towards the feasible set.

The penalty function for constraint violation has the form 

tp(x) =  0 i f x  € S  

ip(x) > 0 i f x  £ S

where S  denotes the feasible set. A widely used penalty term is the quadratic-loss 

function
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^  =  1/2 J2 di(x) 2

This is the sum of the squares of the constraints values at point x. The problem becomes 

an unconstrained minimization problem of the form

minimize n(x, pk) =  f ( x )  +  p4>(x)

where p a positive scalar used to control the penalty magnitude. As in the case of 

Barrier methods, p is increased gradually after every iteration to force the solution to the 

feasible set, where gi(x) =  0.

A .2 Sequential Q uadratic Program m ing

This method is a generalization of Newton’s method. As the name implies, at every

iteration, the method transforms the constrained problem into a quadratic problem -a

quadratic objective function with linear constraints- and solves for the search direction pk. 

Methods for solving the problem 

minimize f (x)  

subjectto gi(x) =  0

can be obtained by applying the optimality conditions to the Newton formula. The 

lagrangian for the problem above is

VL(x, A) =  f ( x )  -  XTg(x) (A.2.1)

and the first order necessary optimality condition is 

VL(x, A) =  0

The search direction is the solution to the Newton equations

V 2L(xk, Afc) ^  ^  =  - V L { x k, Afc) (A.2.2)

where pk and vk are the steps
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Two modification to this classic technique will be discussed. The first modification is the 

Quasi-Newton update techniques for the approximation of the Hessian of the Lagrangian 

to reduce the cost of calculating the exact Hessian. The second modification is related to 

the method’s convergence. At each iteration, we usually insist that the new estimate is 

a better estimate of the solution. In the unconstrained case this is done using function 

evaluations to test if the new estimate has significantly improved the objective function. 

In constrained optimization, progress is commonly measured in terms of a merit function. 

The merit function is usually the sum of the objective function and amount of in feasibility 

of the constraints. One example of a merit function is the quadratic penalty function.

M(x)  = f ( x )  + P ^ 2  g i{ x f  (A.2.4)

where p is a positive number. The greater the value of the scale number the greater 

the penalty for in feasibility.

A .3 Sim ulated A nnealing

Annealing is the process of heating up a material and then cooling it down at a controlled 

rate. At high temperatures atoms have high energies and more freedom of movement. As 

the material cools down, the atoms energy is reduced. A crystal structure is obtained when 

the system energy level is minimum. If the material is cooled very quickly, undesired defects 

will occur in the crystal structure. In this case the material structure is as polycrystalline 

and the system energy level is higher than minimum [32],

The probability distribution of system energies at any given temperature is

P( E)  ex e\~E/Kn (A.3.1)

where K  is Boltzmann’s constant, T  is the system temperature and E  is the system
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energy.

In the simulated annealing algorithm the system energy corresponds to the objective 

function value and the minimum energy level is analogous to the optimum or minimum 

function value. The algorithm starts by taking an initial point from the user. At this point 

the system temperature is high. The cost function is evaluated and the result is accepted. 

In the next iteration, a random point is selected in the neighborhood of the previous point. 

If the new value of the cost function is less than or equal to the old cost, then the algorithm 

immediately accepts the new point. If not, the algorithm accepts the new point according 

to Metropolis’s criterion. According to Metropolis’s criterion, if cst0̂  <  cstnew , the new 

point is accepted if for a generated random number 0 <  rand < 1

A cst , . v
rand < e KT (A.3.2)

where A cst — cstnew — cst0i,i. This condition allows the algorithm to escape local 

minima at high temperatures. This process is repeated for a given number of times before 

the temperature is lowered again. The temperature cooling rate is determined by a cooling 

schedule. The cooling schedule parameters are an initial temperature, cooling rate, number 

of iterations before each temperature lowering and a stopping temperature. A standard 

simulated annealing algorithm flow chart is shown in Figure A.I.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



119

Accept ?

Initial point xo

Evaluate the cost

Update the current 
point/cost

Generate a new 
point

Reduce temperatime

Finish

Figure A .l: Simulated Annealing flow diagram

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A ppendix B

M ulti-Level MCML DC Gain

For the standard MCML universal gate, we can express M l and M2 saturation current in 

the common mode as

iDi = iD2 =  k ^ - ( v gs -  vT)a (B.0.1)

If a differential signal is applied, the saturation currents become

idi =  k ^ ( v ini -  vT)c

*D 2 =  k ^ ( v in2 -  VT ) C

where

V in l  VgS i  Au 

Vin 2 =  Vgs T  A u

The output voltage is given by

J l s s L
Vgs w 2k W

(B.0.2)

(B.0.3)

vo = R (im  — *£>2) (B.0.4)

From B.0.1, the gate to source voltage is

(B.0.5)

By substituting for the currents in the output voltage equation and rearranging
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™ Wva =  R k —
L

If we use a  =  1, then

' IssL
2 kW

+ A V \  - ' 1ssL  
2 kW

- A V

Vi
v0 n l2ISskW 

n \
L
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(B.0.7)



Appendix C

MCML Universal Gate Delay M odel

Assuming a resistive load, the delay equals to

C2
D = 0.69i?(Ci +  Ci)  +  0.69—- (C.0.1)

9m

In resistive load and the capacitances may be expressed in terms of the designable 

variables as

i s s

c x =  axW  +  h  (C.0.2)

C2 — a2 W  +  b2

In the low-current region, we have

W  = W Mm 

s >  0

Iss  = k % f* { A V  -  Vdsi -  s)<*
n ____  ot/ss
ym  —  AV—V d s i — s

Substituting these expression into the delay equation yields

(C.0.3)

£> _  q gg f  (a i Wm™ + h  + C l)A V  ^  (a2WMin +  b2)(A V  — Vpsi — s) \  ^  ^ ^
V Iss a ls s  J

In the high-current region, we have

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



123

W  > WMin 

s = 0

I ss = k ^ ( A V - V DS1y
alss

(C.0.5)

9m A V - V Ds i

By substituting for these values and eliminating the transistor width W ,  the delay 

expression becomes

D h =  0.69 A V  +  02
A V  — Vdsi

a k(Av -  vDS1y
, (h  + CL)A V  A V  -  VDsi

+    j---------+ h ---- ~ T------
Iss OilSs

(C.0.6)
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