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Abstract - In this paper, new formulations for the energy dissipation of
lossy transmission lines driven by CMOS inverters are provided, and a new
performance metric for the energy optimization under the delay constraint
is proposed. The energy formulations are obtained by using approximated
expressions for the driving-point impedance of lossy coupled transmission
lines which itself is derived by solving Telegrapher’s equations. A compre-
hensive analysis of energy is performed for a wide variety range of the gate
aspect-ratios of the driving transistors. 1o accomplish this task, two stable
circuits that are capable of modeling the transmission line for a broad
range of frequencies are synthesized. Experimental results show that the
energy calculated using these equivalent circuits are almost equal to the
one calculated by solving the more complicated transmission line equa-
tions directly. Next, using a new performance metric the effect of geometri-
cal variations of the interconnect and the driver on the energy optimization
under the delay constraint is studied. The experimental results verify the
accuracy of our models.

1. INTRODUCTION

The semiconductor industry is continually moving toward the development
and the implementation of smaller technology sizes. Recent studies on the
effects caused by the nanometer technologies focus primarily on timing
and signal integrity. However, only a handful of works have actually con-
sidered the deep sub-micron (DSM) effects on the energy dissipation of
ULSI circuits [1][2]. The wiring system of a one-billion transistor die will
deliver signal and power to each transistor on the chip, provide low-skew
and low-jitter clock to latches, flip-flops and dynamic circuits, and also dis-
tribute data and control signals throughout the chip [3]. Providing the
required global connectivity throughout the whole chip demands long on-
chip wires that introduce large loading effects on the drivers. These global
wires should deliver high frequency signals (presently at around 1.5-
2.5GHz) to various circuits. This implies that global wires exhibit trans-
mission line effects. So far, the well-known (1/2)C¥? model has been
used as an interconnect energy model, where C includes the capacitance of
the interconnect and the capacitances of the both the driver and the driven
circuits. V is the voltage swing. This model, however, fails to predict the
interconnect energy dissipation in the current range of clock frequencies,
where the signal transients do not usually settle to a steady state value due
to the small clock periods. In paper [1], an analytical interconnect energy
model with the consideration of event coupling has been proposed.
Although this work addressed the effect of the capacitive coupling on the
interconnect energy dissipation, it, however, used the distributed ladder
RLC circuits to model the lossy transmission line effects.

In this paper, accurate expressions for the energy dissipation of inter-
connects driven by CMOS inverters are obtained. The dissipated energy is
derived using approximated expressions for the driving-point impedance of
lossy transmission lines. Furthermore a new performance metric is pro-
posed that is relevant for the energy optimization under the delay con-
straint.

Section 2 presents two circuit model for the lossy transmission line; a
new RLC circuit configuration called RLC-Ttcircuit, and an RLC circuit. In
section 3, the RLC-T1t and the RLC circuits are utilized to derive the total
energy dissipation of a transmission line driven by a CMOS inverter for
large W/L’s and small W/L’s of the driving transistors, respectively. Then a
new metric is utilized that is very relevant for the energy optimization
under the delay constraint. Simulations and experimental results provided
throughout this section confirms the accuracy of our model and the useful-
ness of our metric. Finally, section 4 presents the conclusions of our paper.

2. LOWER-FREQUENCY MODELS FOR THE LOSSY
TRANSMISSION LINE
At the current clock frequencies the propagation delay of signals traveling

through the chip global wires is comparable to the time of flight. In other
words, the line length is comparable to the propagated signal wavelength,
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A, which is on the order of 0.6-2.1c¢m. This implies that transmission-line
properties must be accounted for. It was shown in [4] that any two uniform
parallel conductors, the signal and the current return path, that are used to
transmit electromagnetic energy can be considered transmission lines. The
current return path can be a ground plane, a ground conductor, or a mesh of
ground lines on many layers. Solutions to Maxwell’s equations for the
electric and magnetic fields around conductors are current and voltage
waves. The solution is completely determined in terms of the characteristic
impedance, Z,, and the propagation constant, y. Consider a single lossy

transmission line that is driven by a CMOS inverter, as shown in Fig. 1.
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Fig. 1. The schematic of a lossy transmission line along with the circuit representa-
tion of a differential length Ax

The driving-point impedance of this transmission line is obtained using the
voltage and current wave equations at the input port:
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where 4 is the hne length. In the above equation, the load impedance, Z;, is
normally a capacitive load in ULSI circuits, since the interconnect nor-
mally drives a CMOS circuit whose input impedance is purely capacitive.

According to Eq. (1), the input impedance of a transmission line is a
nonlinear function of frequency. Direct substitution of this nonlinear
expression into the energy equation (which is the integral of the voltage-
current product) does not yield a closed-form expression for the energy dis-
sipation of the lossy transmission line. Still it is possible to simplify Eq.
(1), using an observation, and obtain an accurate expression for the energy
dissipation.

Observation 1. If the abrupt transitions of the input waveform are suffi-
ciently far away in time so as to allow the circuit to come very close to its
steady-state response, then the total energy delivered by the input source is
obtained using the driving-point impedance of the circuit evaluated at low
frequencies.

This observation is utilized here to simplify Eq. (1). We evaluate tanh(.)
at low frequencies by expanding its Taylor expansion around s = 0 and
truncating higher order terms. Depending upon the order of the truncation,
two stable equivalent circuits are extracted.
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A. First-order truncation
The first-order Taylor expansion of fanh(yh) is Yh. This leads to the follow-
ing approximated rational function:
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where Cinstor is the total interconnect capacitance including the Miller
capacitance of the neighboring lines that are capacitively coupled to this
line, and the interconnect-to-substrate capacitance. Using Eq. (2) a series
RLC circuit is synthesized as also shown in Fig. 2.a, where R, and L, are
defined as follows:
R =—0C_ p L =G (3)
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Rint 1s the line resistance. Liys o/ is the total inductance of the lossy line
including the self and mutual inductances. The inductive couplings
between transmission lines are accounted for by an algebraic summation of

int > int, tot



each line’s self inductance and all mutual inductances between that line
and other lines considering also the current direction flowing through the
lines.

B. Second-order truncation
The second-order truncation of the Taylor series expansion of tanh(yh) is:
_ sinh(yh) 2vh
h = -
tanh (y/) cosh(yh) — 2+yH
This leads to the following relationship:
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It would be instructive if one could propose a stable circuit realization
whose impedance is expressed by Eq. (5). It is easily proven that for a
lossy transmission line whose driving-point impedance at lower frequen-
cies is expressed by Eq. (5), a new stable RLC-Ttequivalent circuit realiza-
tion with an identical input impedance can be synthesized. The circuit
structure is depicted in Fig. 2.b. C1, C2, and C3 are related to the actual
capacitances of the line and the load through the following relationships:
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Fig. 2. A lossy transmission line and its equivalent circuit representations

Fig. 3 shows the magnitude response of the driving-point admittance of
a lossy transmission line which is electromagnetically coupled to a similar
line. The line electrical parameters are also indicated in Fig. 3. First, the
circuit is simulated using star-HSPICE. Eq. (1) is then utilized and the
magnitude response of the admittance function is calculated. As indicated
in Fig. 3, the results obtained by HSPICE and by Eq. (1) are exactly the
same and are indistinguishable from each other. In the next step, the mag-
nitude response of the driving-point admittance of the equivalent RLC-Tt
circuit is calculated. According to Fig. 3, this circuit accurately represents
the driving-point admittance of a lossy coupled transmission line in lower
frequencies up to 32GHz. Therefore according to Observation 1, the
energy calculations using the RLC-Tt circuit yield expressions that are
exactly equal to those of the actual coupled lossy line. Finally the magni-
tude response of the driving-point admittance of the equivalent RLC circuit
is calculated and compared with those of RLC-Tt equivalent circuit and the
lossy coupled line, as is also shown in Fig. 3. The RLC-Tt circuit models
the lossy line more accurately than the RLC circuit in a broader range of
frequencies.
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Fig. 3. The magnitude response of the driving-point admittance of an electro-
magnetically coupled lossy transmission line obtained using HSPICE simula-
tion, using the direct simulation of Eq. (1), and by replacing the line with its
equivalent RLC-Ttcircuit, and with its equivalent RLC circuit

Both RLC-1tand RLC equivalent circuits synthesized for a lossy cou-
pled transmission line are utilized to compute the interconnect driving-

point impedance and the interconnect energy dissipation. A lossy transmis-
sion line driven by a large driver is modeled by the RLC-Tt equivalent cir-
cuit, whereas the one driven by a small driver is modeled by the RLC
circuit. Using equivalent RLC-1t and RLC circuits, section 3 provides a
comprehensive analysis of energy dissipation of the lossy transmission
lines driven by CMOS inverters.

3. ENERGY DISSIPATION OF LOSSY TRANSMISSION LINES

Consider the circuit shown in Fig. 2. that is composed of an inverter driv-
ing a lossy transmission line. The load is another CMOS gate that is con-
nected to the output port of this lossy transmission line. The
electromagnetic coupling effects are treated the same way as discussed in
section 2. To encompass a wide range of driver sizes in the energy analysis,
two separate analyses are performed. For the large drivers the RLC-Tt cir-
cuit is used to model the lossy line (Section 3.1), whereas for the small
drivers, the RLC model is utilized (Section 3.2). Fig. 4.a shows the varia-
tions of the drain-source resistance of a short-channel PMOS transistor in
terms of its gate aspect-ratio. Comparing this variations with the magnitude
response of a long lossy transmission line in Fig. 4.b sets forth the follow-
ing criteria:

SIf rpg < EME\ZX“M\ , then the RLC-Ttcircuit is used. 7)
Vop— ‘ VTIIp ‘
O ‘ Vrnp ‘ [ . s
-If |Z ciinel <7ps < 2|Z i), then the RLC circuit is used.  (8)

DVI)I) - ‘ VTIIp ‘
Please note that for r,g>2|Z,,.| , the inverter is incapable of driving the
transmission line, and therefore the voltage swing is insufficient to main-
tain the correct circuit operation.
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Fig. 4. (a) rps pasos Vs- the gate aspect-ratio (b) the magnitude response of the driv-
ing-point impedance of a lossy transmission line

Due to the changes in the operation regions of NMOS and PMOS tran-
sistors of the line driver during low-to-high and high-to-low transitions of
the driver’s output, we must distinguish between low-to-high and high-to-
low transitions. During the low-to-high transition at the output, the PMOS
transistor is conducting and provides a low-impedance conduction path
from the supply to the load. During the high-to-low transition at the output
the NMOS transistor is in "ON" condition, and no additional energy is
transferred out of the power-supply.

We calculate the energy transferred out of the power-supply during a
low-to-high transition. This energy is indeed the total dissipated energy per
clock period of a CMOS gate that drives another CMOS circuit through a
lossy coupled transmission line. The energy delivered by the power-supply
through the gate in a low-to-high transition of the output is specified by Eq.
).

E..= [ Vioiop(t)dt
(IJ:H)DD po(t) 9)

where ipp(?) is the current ﬂowing from the power-supply to the load and
through the PMOS transistor during the low-to-high transition of the out-
put.The energy dissipation E,,, is calculated for a step voltage at the driver
input.

The current is obtained using the driving-point admittance of the circuit:

Ion(s) = L2 (s)

where Y (s) is the driving-point admittance seen from the power-supply to
the source connection of the PMOS transistor of the driver. Y (s) consists
of the admittance of the lossy line (that is modeled either using the RLC
circuit or RLC-Ttcircuit) and the PMOS device.

3.1. Energy calculation for lossy lines driven by large invert-
ers
Consider a lossy transmission line that is driven by a large inverter. If the

condition (7) is satisfied, then the lossy transmission line 1s modeled by the
RLC-tt circuit shown in Fig. 2.b whose electrical parameters are obtained



using Eq. (6). As for the inverter, it is known that the operating regions of
the conducting transistors change during the input transition. This change
of the operating regions makes the analysis cumbersome. On the other
hand, for the fast input waveforms, the conducting transistors operate in the
linear region for a large portion of the transition time [S]. As a result, we
assume that the conducting transistor will be in the linear region for the
entire input transition, and is modeled as an ideal switch along with the
equivalent capacitance, C; . Cy; is a parallel combination of the diffusion
capacitance Cyyr of MOS devices. The drain-source resistance is ignored in
the case of having large inverters.

The Ttstructure of the RLC-Tt circuit makes the impedance calculations
very simple. For instance, the diffusion capacitances of the driving CMOS
circuits are placed directly in parallel with the capacitance, C; of the RLC-
Ttcircuitry and consequently no additional calculation is required.

The dissipated energy per period of this circuit is calculated for both the
underdamped and the overdamped responses.

3.1.1. Underdamped response

In the underdamped case, the voltage and current transient waveforms
oscillate toward their steady-state values. If R;,<2./Lin 0 /(C, +C5) then the
current and voltage waveforms will oscillate until they reach their steady
state value. To obtain the total energy transferred out of the power supply
Eq. (9) is used. The input current to the circuit is first obtained by solving
the characteristic differential equatron of the RLC-Ttcircuit:

O
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where C, =C; +C, (®C; is the equivalent capacitance of the RLC-Tt circuit.
Oy, the damping constant, is o=R,,/2L,,, Wy, the resonant frequency,
is W3n=1/(Lin(C, +C;), and wyn , the oscillation frequency, is
W} =wWin—03. C1, Ca, and C3 are given by Eq. (6). G ®C; represents the
series combination of C2 and C3.
The total energy delivered by the power-supply is:
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where ®n=atan(wy ,/ O(n). Remember that C,+C;=C,+Cy1ri. It is
observed that if a CMOS inverter driving a lossy coupled line undergoes an

underdamped oscillatory response, and if Rine/ Lin,10:>>4Tferoer (OF equiva-
lently if 1/ (2T0/Linw0(Co+C5))>>21101), then the energy expression

becomes:
:l\’rne; = (Cd+Cmr mr+CL) (12)

Equations (11) and (12) give the actual and steady-state energy dissipa-
tion per clock period, respectively, when the circuit experiences an under-
damped oscillatory transient response.

O

3.1.2. Overdamped response

In the overdamped case R;, is sufficiently large (i.e.,
R;,>2./ Lin,10: /(C, +C5) ) such that it eliminates the resonances from current
and voltage waveforms. Once again, to obtain the total energy transferred
out of the power supply using Eq. (9), the input current to the circuit is first

obtained by solving the characteristic differential equation of the RLC-Tt
circuit:

Vi C iy
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where 0, =,/0; — w2 . The total energy delivered by the power-supply for
the overdamped transient response is:
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It turns out that if a CMOS inverter driving a lossy coupled line has an
overdamped response, and if Oy —0 4 >>4TTscc, then the energy dissipa-
tion per each clock period is the same as Eq. (12).

Equations (12) and (14) give the steady-state and the actual energy dis-
sipation per clock period, respectively, when the circuit experiences an
overdamped transient response.

O
Remember that the electrical parameters of the lossy transmission line are a
function of the geometrical parameters of the line such as wire width, wire
thickness and wire length. Similarly, C; is a function of the MOS gate
aspect-ratio. Using BSIM3v3 I-V equations for the MOS transistor and
accurate closed form expressions derived in [6], the energy variations in
terms of the geometrical parameters of the interconnect and MOS transis-
tors are obtained. Fig. 5.a shows the energy variation as a function of the

fundamental period, 7, and under the five different gate aspect-ratios of the
driver. Fig. 5.b shows the energy variation with respect to the clock period
for the five different values of the metal widths of the interconnect. The
input is a periodic rectangular voltage signal. Please note that for small
clock periods, the (1/2)CV2energy model gives rise to a wrong value.
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Fig. 5. (a) Energy per clock vs. clock perlod for six different W/L ratios (b) Energy
per clock vs. clock period for four different interconnect widths (RLC-17)

As the metal width of the interconnect decreases, the variations of dissi-
pated energy per clock period in terms of the clock period gradually
changes from a damped oscillatory function to a growing exponential func-
tion. Please note that due to the large gate aspect-ratios, the overdamped
response is rarely observed in the case of having large drivers. The same
statement is true for the case when the W/L of the transistors decreases.
Figures 5.a and 5.b suggest that for a given clock period, we can change the
transistor as well as interconnect metal width such that the dissipated
energy per clock period attains its undershoot value which is beneficial
from both the speed and energy point of view.

To figure out the voltage variations across the load capacitance, the
same circuit utilized and is excited by a step input. Figures 6.a and 6.b
show the voltage waveform across the load capacitance for different values
of interconnect widths and W/L ratios of the transistors of the driver,
respectively.
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Fig. 6. (a) Voltage waveform for six dlfferent W/L ratios (b) Voltage waveform for
four different interconnect widths (RLC-T1)

Having accurate expressions for the energy dissipation of a lossy trans-
mission line driven by CMOS drivers helps us propose a new design guide-
line for an area-efficient wire and transistor sizing to achieve the minimum
energy under the noise-margin constraint. However, considering the energy
dissipation alone is misleading. In other words, doing wire and transistor
sizing to achieve the minimum energy may result in unacceptable delay
and insufficient voltage swing, and as a result may lead to the logic and the
circuit failures.

To take the effect of the circuit delay into account, we propose a new
metric. For the overdamped response since all the waveforms are monoton-
ically rising or falling waveforms, the best performance metric is the
energy-50% delay-product. However, for the underdamped response the
delay must incorporate the settling time of the oscillations as well as the
percentage of maximum undershoot for noise-margin violations. To come
up with a unique metric for both the underdamped and overdamped
responses we use the energy-50% delay.(1+undershoot%)-product
(EDUP). Fig. 7 shows the EDUP per clock cycle of an inverter driving a
lossy transmission line with a pure capacitive load termination. Please note
that for smaller W/L ratios as long as the condition given in (7) is valid,
Fig. 7 can be used. The small incremental positive slope of the EDUP met-
ric with respect to the W/L is due to the direct relationship between the
energy and the diffusion capacitance of the device.

3.2. Energy calculation for lossy lines driven by small invert-
ers

Now consider a lossy transmission line that is driven by a small inverter. If



the condition (8) is satisfied, then the lossy transmission line is modeled by
the RLC circuit shown in Fig. 2.a. Similar to the previous section, we
assume that a conducting transistor will be in the linear region for the
entire input transition. In the case of small inverters, each transistor is mod-
eled by an ideal switch in series with its drain-to-source resistance, rpg.
The MOS resistance gets in series with the RLC equivalent circuit.

Energy Per Clock * 50%Delay * (1+%undershoot) for Different W/Ls and Interconnect Widths
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Fig. 7. EDUP in terms of W/L and interconnect metal width (RLC-T1)
The dissipated energy per period of this circuit is calculated for both the
underdamped and the overdamped responses.

3.2.1. Underdamped response

In the underdamped case, the voltage and current transient waveforms
oscillate toward their steady-state values. This transient behavior occurs
when (R.,+7ps )<24Loy/ (Ciriio+ C). Calculating the current flowing out

of the power-supply voltage and plugging it in Eq. (9) leads to the follow-
ing expression for the dissipated energy:

afl
0= Conot € Vi) 1~ e sinJ4T off | (15)
Wherea:(Req+rDS )/2ch’ Qﬁ’:l/l’f’](cint,tur_'—CL)a W, =4/ a;7 —-as, and

d=atan(w,/a). The effect of the diffusion capacitances of the driver is
taken into account by simply adding C to the first parenthesis of Eq. (15).
It is easily observed that the steady-state value of the dissipated energy per
period is:

R,sa(;:(cfm,ml-"CL-'-Cd)Vsz (16)
g

3.2.2. Overdamped response
In the overdamped case, the resistor is sufficiently large (i.e.,

(Regt7p5)> 24 Loy/ (CinyiostCr)) such that it eliminates the resonances

from current and voltage waveforms. The total energy delivered by the
input source is:
al

Eff:f:(cinl,lof+ CL ) V[z)D [1 - %6 2 SlIlh B%"‘ LIJ%J (17)
where W =atanh(0,/0a). Similar to the underdamped response Cy is
added to the first parenthesis of Eq. (17). Once again the steady-state value
of the dissipated energy per period is the same as Eq. (16).

O

Once again, using BSIM3v3 I-V equations for the MOS transistor and
accurate closed form expressions derived in [6], the energy variation in
terms of the geometrical parameters of the interconnect and MOS transis-
tors are obtained. Fig. 8.a shows the energy variations as a function of the
fundamental period, 7, and under the five different gate aspect-ratios of the
driver for the equivalent RLC circuit. Fig. 8.b shows the energy variation
with respect to the clock period for the five different values of the metal
widths of the interconnect. The input is a periodic rectangular voltage sig-
nal. Please note that for small periods, the (1/2)CV2energy model gives
rise to a wrong value.

Figures 9.a and 9.b show the voltage waveform across the load capaci-
tance for different values of interconnect widths and W/L ratios of the tran-
sistors of the driver, respectively.

Like the previous section, considering the energy dissipation alone to
propose new design guidelines is misleading. To take the effect of the cir-
cuit delay into account, we propose a new metric, the energy-50%
delay.(1+undershoot%)-product (EDUP). Fig. 10 shows the variation of
the EDUP in terms of the interconnect width and PMOS W/L ratio. The
EDUP is an increasing function of the W/L ratio for larger values of the W/
L. For large values of W/L ratios, as long as the condition given in (8) is
satisfied the formulations of this section and the plot in Fig. 10 is valid. For

larger values of W/L ratios, the RLC-Tt circuit must be used and therefore
Fig. 7 must be utilized.

4. CONCLUSION

This paper presented accurate closed-form expressions for the energy dissi-
pation of lossy transmission lines driven by CMOS drivers. The energy was
calculated using approximated expressions for the driving-point impedance
of a lossy transmission line. A comprehensive analysis was incorporated to
derive the dissipated energy of a lossy transmission line. Moreover, a new
design metric, the EDUP metric, was proposed that is very relevant for the
energy optimization under the delay constraint. Several experimental
results show the accuracy of our approach.
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