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Abstract: In this paper, the influence of the pMOS and
nMOS transistor threshold voltages (V1) in CMOS digital
circuits power dissipation is investigated. It is shown that
the difference between the p- and n-channel transistor
threshold voltages can be used for reducing the power
dissipation. According to the used process silicon
technology, lower circuit power reduction is achieving
when changes in the circuit are made considering the
difference between the pMOS and nMOS threshold
voltages. In designs that include Pass Transistor Logic the
influence of threshold voltages in power dissipation is
studied. As a practical example, a Pass Transistor Logic
Full-Adder is analyzed and measurements are given which
prove the new idea, suggested in this paper.

L. INTRODUCTION

Threshold voltage (V1) can be defined as the voltage
applied between the gate and the source of an MOS device
below which the drain-to-source current effectively drops
to zero [1]. The value of the threshold voltage affects the
speed of the digital CMOS circuits and their power
dissipation [2]. The silicon technology foundries define in
their available processes the threshold voltages of the
transistor. So, when the designer captures a circuit cannot
have any influence in the threshold voltage levels.
Although the use of nMOS or pMOS transistor as a pass
gate it is in his/her own decision.

In many cases a pass transistor controls the input of a
CMOS gate as is shown in Fig.1. When the control signal
of the pass transistor is high, the pass transistor is ON and
the voltage value of its drain passes to the input of the
inverter. Then Vi, = 0 when Vip_pass = 0, and Vi, = Vpp—Vin
when Viy_pas = Vpp. Otherwise (when the control signal is
low) there is no electrical connection between Vij.pass and
Vin- In case of a pMOS pass transistor (Fig.2) the voltage
value of its drain passes to the input of the inverter when
the control signal is low. Then Vj, =|Vp| when Vinepass =
0, and Vin = VDD when Vin—pass = VDD-

The weakness of Vj, to be exactly Vpp or 0 causes the
CMOS gate to have a DC current from Vpp to GND. The
value of this current depends on the Vry value in case
where an nMOS is used as a pass transistor, and on the Vp
value in case of a pMOS pass transistor. This current
causes power dissipation, which in many applications has a
significant contribution in the total power dissipation.

Two methods could be applied to reduce this current.
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Fig.1: An nMOS pass transistor controls the input

of a CMOS inverter

Fig.2:A pMOS pass transistor controls the input
of a CMOS inverter
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The first one is to apply technology with low threshold
voltage for both p and n-channel, and the second one is to
implement a circuit properly considering the used
technology process. The main disadvantage of the first
method is the increase of the delay time of the circuits. The
second method, which is proposed in this paper, solves the
problem in many cases.

The rest of the paper is organized as follows. Section II
studies the influence of both p and n-channel threshold
voltages in power dissipation. In section III a new full
adder design is compared with the full-adder design
presented in [3], as an example of the proposed method for
the reduction of the power dissipation. Finally, we
conclude in section V.

I1. INFLUENCE OF THE THRESHOLD VOLTAGE
VALUES IN POWER DISSIPATION

All the chip manufacturers provide processes which are
used by the available CAD tools for designing integrated
circuits. The circuit designer uses these tools and captures
the designs without considering the used technology in the
beginning of the design. However, at the simulation phase
the technology parameters will be used for the space, time
and power calculations. In CMOS technology the values of
threshold voltages Vry and Vrp of the nMOS and pMOS
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Fig.3:Input and output waveforms for the
CMOS inverter of Fig.1

transistor are parameters that the circuit designer can use to
meet the timing and power dissipation specifications of the
circuit. In the available CMOS technologies there are cases
where |Vipl < Vg, [Vl = Vi, and [ Vel > Vi, The
last one is more common than the others.

A popular design logic is the pass transistor logic
because of its good characteristics in terms of speed and
power dissipation. But, this logic style has the drawback
that is explained in the previous section. Fig.3 illustrates
the input and the output waveforms of the inverter which is
shown in Fig.1 when the control and the drain signals of
the pass transistors are high. Due to the weakness of Vi, to
be exactly Vpp the pMOS transistor is not turned off.
Hence, after the switching of the inverter the output
voltage has a value higher than Vpp (Vky), resulting in
extra power dissipation. In the following, an analysis of the
inverter operation in order to calculate this value and show
its dependency of the threshold voltages, is presented. For
the MOSFET currents, the a-power law model [4] which
includes the carriers velocity saturation effect of short-
channel devices, is used:

Ky (VGS - Vro)aa Vs 2Vho, Saturation

[D = a > (1)
K, (Vos — VTO)A Viss Vps <Vho» Linear
Where[{szlbéoa, K, = Ipo _, and

(Vop =V10) Voo(Vop =V1o) %
a,
Vi =V (VGS_VTOJA
po =Vpo| ;=) -
pp ~ V1o

a is the velocity saturation index, Ipo is the drain current at
Ves=Vps=Vpp, Vpo 1s the drain saturation voltage at
Ves=Vpp, and Vyo is the zero-bias threshold voltage of the
device. According to Fig.1, the input voltage of the inverter
is: Viy = Vpp—Vr1n, where V7y is the threshold voltage of the
nMOS pass transistor. Taking into account the body effect,
and using an average value for the source voltage of the
nMOS pass transistor the threshold voltage is given as

Vi =V
Vin =Vron + 7 [\/2¢F +DD#TON_\/2¢’FJ=

where y is the body effect coefficient and the factor ¢y is
the equilibrium Fermi level potential.

In the following we analyze the two regions of the
inverter operation. In the first region the nMOS device
operates in the saturation region, while in the second one in
the linear region. In the analysis it is assumed that the
pMOS device is saturated in both regions. This assumption
is valid because the pMOS device is in its linear region
only for a short period of time at the early part of the
inverter switching. The differential equation describing the
temporal evolution of the inverter output in the first region,
by using the equation (1) for the transistor currents,
becomes

dVou a
C — = —Kgy (VDD Vv — VTNO) "

dt
+Kgp (VTN - |VTPO |)ap

The analytical solution of the above equation is

2

Koyt
Vour =Vpp — Y (VDD Vi - VTNO)an
L E!
Kot
+ £ (an _|VTP0 |)ap

The differential equation in the second region, where the
nMOS device operates in its linear region, and the pMOS
device is still in its saturation region becomes

dv. a;/
C U — K, (Vop =Vey = V- 2y
L LN( pp — V1N TNO) out )
a
+Kgp (VTN - |VTP0 |) v
The analytical solution of (4) is
_KCA(VDD_VTN_VTNO)D!%(t_tsatn)
Vout = Vsam _VKN e . + VKN
Kop(Van =[Viwo|)™”
where V), = SP( il | TPOD %)

KLN(VDD Vv — VTNO) %

Vgam 1S the value of the output voltage when the nMOS
device is entering its linear region and tg, is calculated
from equation (3), for Vo= Van-

The analysis for the case of pMOS pass transistor
(Fig.2) is symmetrical. In this case after the switching of
the inverter, the output voltage does not reach Vpp (Fig.4).
The result is extra power dissipation. The difference
between the supply voltage and the output voltage is
calculated in a similar way and is given by:

Ky (|VTP| - VrNo)a”

.
Kur (Voo ~ sl ~Warol) 4

(6)

Vip =

Investigating the equations (5) and (6) we get the following
conclusions:
o Vo > |VTP0| =  Vip < Viy - In this case it is better

to use pMOS pass transistor, in order to achieve low
power dissipation.

o Vo< |VTP0| = Vgp > Viy - In this second case it is

better to use nMOS pass transistor.
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Fig.4:Input and output waveforms for the
CMOS inverter of Fig.2

The above conclusions are valid when the used devices are
of equal drivabilities (Ipon = Ipop). Other parameters which
can affect the circuit operation are the drain saturation
voltage, the body effect parameter and the Fermi level
potential of the devices. However, in this paper we analyze
the influence of the difference between the device
threshold voltages on the circuit operation from the view of
the extra power dissipation.

IV. A FULL ADDER EXAMPLE

Because the Full Adder (FA) is the fundamental unit
for many arithmetic operations, it is of great importance to
design FA circuits that dissipate lower power. Two
versions of FAs are analyzed in this paper. The first one
given in Fig.5 uses as an input stage an XOR structure [3]
and our proposed design (Fig.6) uses as an input stage an
XNOR structure [5],[6]. The two designs are almost similar
but as is shown below their power dissipation may be
varied significant depended of the used technology
threshold voltages.

In the first design, the XOR gate output signal has
complete values (0 or Vpp) when AB=01, 10, 11. But in
the case AB = 00, both pMOS devices are ON and so the
XOR has a poor low level signal (equal to | V| ). In the
second design the XNOR gate signal has complete values
when AB=00, 01, 10. But in the case AB=11, both nMOS
devices are ON and so the XNOR has a poor high level
signal (equal to Vpp—V1n).

The two different designs are examined by comparing
the SPICE simulation results obtained using the device
parameters from two different process technologies. The
first one (0.8um) has | Vipol < Vino (I Vipol= 0.73Volts,
Vino = 0.84 Volts) and the second process (1.5um)
has | VTPO | > VTNO ( | VTPO | =1. IVOItS, VTNO = 07V01tS)
The simulation results of the first FA design are shown in
Fig.7 for |VTpo| < V1no- In the simulations every 10nsec
an input value change is performed resulting in the shown
changes of the signals V(XOR) and V(INV-XOR). The
worst case occurs when AB=00. The output signal level in
XOR structure still can drive the next inverter stage
correctly. For the same technology replacing the XOR gate
by XNOR gate the output results are illustrated in Fig.8.
The worst case occurred when AB=11. The output signal

level can not pull-up to Vpp, but can still make the next
inverter stage work correctly (not so good as the XOR
structure). Fig.9 and Fig.10 present the results for the two
FA designs by using the second CMOS process technology
where | Vipol > Vino. In this case, the XNOR structure
can pull-up and pull-down the input and the output of the
CMOS inverter better than the XOR one.

In Fig.11 and Fig.12 the total power consumption of the
two FA design schemes are shown. The measurements
produce by using the power-meter subcircuit suggested in
[7]. The rise and fall times of the input signals are Insec.
When | Vipo| < Vino the XOR adder design consumes less
power comparing to the XNOR adder design and more
when |VTPO| > Vino- So, it is important in low power
designs to consider the values of the threshold voltages and
choose the proper design according to these values.

V. CONCLUSIONS

In this paper a comparative approach is presented for
the influence of the difference between the nMOS and the
pMOS threshold voltages, in the total power dissipation. It
was shown, by using as an example a full adder cell, that
modifications in the circuit design result in reducing the
total power consumption without any additional cost in
area or delay. Especially in designs with pass transistor
logic the easy interchange of nMOS with pMOS
transistors, and the opposite, achieves significant reduction
of the power dissipation.
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