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Abstract

A new approach for implementing (p,q) counters is in-

troduced, using 1-out-of-� code modules. The circuits were

implemented in 1.2� M CMOS technology, and simulated

using HSpice to measure cost, delay, and average power

consumption. Through simulation, the new method is shown

to yield an average 19% reduction in critical delay, and an

average 30% reduction in average power consumption, with

the tradeoff of a 38% increase in average cost.

1. Introduction

Past research in digital logic design has been directed

toward increasing the speed of circuits. The recent demand

for portable systems and moderate improvements in battery

improvements have placed a demand on reducing power

consumption, making it also a major critical design parame-

ter [2]. Past metrics of performance include cost and delay.

However the recent demand for low-power has shifted the

attention toward metrics of performance defined by cost,

delay, and power consumption.

Dynamic power consumption is directly proportional to

the switching activity– the fraction of input transitions in

which a 0 to 1 transition occurs at some output node in a

circuit. The switching activity � � of node � can be computed

as: � � � 0 � 1� � � � � 0 � � � � 1� � � � � 0� 	1 
 � � � 0� � � 1�
In this paper, we introduce a new approach of circuit

implementation for parallel counters. This approach utilizes

1-out-of-� code modules and encoders. We compare the

new approach to the conventional approach to demonstrate

a significant reduction in both critical delay and average

power comsumption, with the tradeoff of a generally larger

cost.

A parallel � -to-
 counter, denoted (� � 
 ) is a logic device

with � binary inputs � � � � � � 1 � � � � 2 � � � � � � 1 � � 0 � and 
 out-

puts � � � � � � 1 � � � � 2 � � � � � � 1 � � 0 � , where 
 � � log2 � � and �
is the binary representation of the number of 1’s in � [4]. It

is also referred to in literature as a � -bit population counter

[13] and a counting responder [6], and as a (� � 
 ) adder.

Parallel counters are used extensively in parallel multipli-

ers [4], multiple-input adders [12], and various arithmetic

circuits. More recently, they have been applied toward the

design of digital neural networks [14], and triggering in mul-

tichannel high-energy spectrometers [11]. Improvements in

design at the counter level have a significant impact on the

performance of larger arithmetic circuits. We review the

conventional approach and present our new approach for

counter implementation.

2. Conventional Approach

The conventional approach for the implementation of

parallel counters consists of a tree of half-adders and full-

adders [4] [7], also referred to as (2,2) and (3,2) counters,

respectively. The schematics of these circuits, denoted as

HA1 and FA1, respectively, in [8] are shown in Figure 1.

The schematics for a (4,3), (5,3), (6,3), and (7,3) counter are

shown in Figure 2.
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Figure 1. (a) HA1 and (b) FA1 schematics

The total cost of a (� ,
 ) counter, based on this approach

is (� 
 
 ) full-adders, with the number of half-adders in the
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Figure 2. (a)(4,3), (b)(5,3), (c)(6,3), (d)(7,3)
counter

range � 0 � � 
 � as shown in [3]. An upper bound on the delay,

assuming a unit delay full-adder, as shown in [12] is� � 2 � � � � 2� � 
 1 � 2�
The switching activity of a half-adder’s sum bit �  ! and

carry-out bit �  " � , and a full-adder’s sum bit #  ! and carry-

out bit #  " � are shown below:� $ % & � � $ % & � 0� � $ % & � 1� � � 1
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Using conventional full-adders, larger counters have their

switching activity at each intermediate output maximized at
1
4
, causing large power consumption. In our approach, we

reduce the switching activity of individual modules, which

has a significant effect on the overall average power con-

sumption.

3. New Approach

Our proposed approach for (� � 
 ) parallel counters uses 1-

out-of-� code modules and encoders to produce the desired

output. This approach was proposed in [5], and is shown in

Figure 3.
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Figure 3. Stages of new approach

3.1. 1-out-of-n Code Stage

A general 1-out-of-� code module takes an initial � bits� � � � � � 1 � � � � 2 � � � � � � 1 � � 0 � and produces a � * 1 bit output� � � � � � � � � 1 � � � � � � 1 � � 0 � , where the value of � � is given

in Equation 7. This module is also referred to as a tally

circuit [9]. � � � +
1 if , � - � �
0 otherwise

� 7�
A straightforward design for such a module consists of

sums of minterms. For instance, considering � � 3, � 1

can be represented as: � 1 � � .2� .1 � 0 * � .2 � 1 � .0 * � 2 � .1 � .0,

and designed with appropriate logic gates. However, this

approach results in a topological kludge for large values of� . Considering � � 7, the representation of � 3 consists of

ORing � 7
3 � � 35 minterms, each consisting of 7 literals.

A more structurally regular implementation for such a

function, as described in [9] is an array of pass transistors.

An example of a 2-to-3 tally circuit implemented in NMOS

is shown in Figure 4. A � � � � signal propagates through the

triangular array from the VDD source at the lower left side

of the array. If � � is high, the propagating signal travels to

the next higher horizontal path. The total number of paths

it travels is the number of inputs � � that are high. Logic-0

signals propagate through the array from the ground points

to all other outputs. The resulting output bits � � form a

1-out-of-� code.

Our approach is based on this array tally circuit with the

following modifications: (1) the n-type transistors are re-

placed with CMOS transmission gates; (2) the source and

ground terminals are switched, with source directly con-

nected to p-type transistors and ground directly connected

to n-type transistors; (3) the output � 0, with its correspond-

ing n-type transistor and transmission gate are removed.

The purpose of (1) is to map the NMOS design of [9]
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Figure 4. 2-to-3 tally module

into CMOS. The purpose of (2) is to generate inverted out-

put signals � � which will be passed to the encoding stage

consisting of NAND-gates rather than OR-gates, due to the

inherent faster speed, smaller cost, and lower power con-

sumption of NAND-gates over OR-gates. The purpose of

(3) is that output � 0 is not used at the encoding stage, and

does not contribute to the one-set of the function.

A 2-to-2 tally circuit using these modifications is shown

in Figure 5. As a note, inverting the outputs � 2 and � 1

produces an equivalent half-adder with sum bit � 1 and carry-

out bit � 2. With each unit increase in � , the circuit extends

to the right and upward one level. The 3-to-3 tally circuit

illustrates this in Figure 6. The critical delay of a general� -to-� tally circuit can be characterized as the delay through� pass transistors, which is proportional to � 2 [9].
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Figure 5. 2-to-2 Modified Tally Circuit

One drawback of simply adding another level though is

that circuit does not provide a restoration of the logic levels,

i.e. the logic gates are passive with no gain elements. A
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Figure 6. 3-to-3 Modified Tally Circuit

solution to this problem, as recommended in [1] is to insert

inverters after every four transmission gates in series. The

cost of a � -to-� tally circuit is a function of a (� 
 1)-to-

(� 
 1) tally circuit, with an additional level of logic. It can

be characterized with the following recurrence, assuming �
inputs, and inverters composed of two transistors:/ � � � � / � � 
 1� * 4 � � * 1� � 8�

which simplifies to the closed-form equation:/ � � � � 2� 2 * 6� 
 5 � 9�
The switching activity of each output node � � of a � -to-�

tally circuit is the probability that the output switches from

0 to 1. The probability � 0 1 � 0� for such a circuit is:� 0 1 � 0� � � �� �
2� � 10�� 0 1 � 0� is simply the probability that � among � inputs is

1, out of a total of 2
�

possible input patterns. The switching

activity is:

� 0 1 � � 0 1 � 0� � 0 1 � 1� � 2 � �� �
2� 3 2 1 
 � �� �

2� 3 � 11�
The values of � 0 1 for various values of � are shown in

Table 1.

3.2. Encoding Stage

An general � 4 � � � encoder takes an 4 -bit input 5 �� 5 6 � 1 � 5 6 � 2 � � � � � 5 1 � 5 0 � and produces an � -bit output � �



7 8 9
1

8 9
2

8 9
3

8 9
4

8 9
5

8 9
6

8 9
7

2 0.250 0.187 — — — — —

3 0.234 0.234 0.109 — — — —

4 0.187 0.234 0.187 0.058 — — —

5 0.131 0.214 0.214 0.131 0.030 — —

6 0.084 0.179 0.214 0.179 0.084 0.015 —

7 0.051 0.137 0.198 0.198 0.137 0.051 0.007

Table 1. Switching Activity of Tally Modules

� � : � 1 � � : � 2 � � � � � � 1 � � 0, where � � � log2 4 � , and � rep-

resents in binary code the index of the input � equal to 1.

The conventional approach is to use appropriately sized OR-

gates to produce the outputs. However, as mentioned before,

we use inverted inputs and appropriately sized NAND-gates

to produce the outputs, due to the benefits of NAND gates

over OR gates, in terms of cost, delay, and power con-

sumption. Also as noted, we only consider an 4 
 1 input5 � � 5 6 � 1 � 5 6 � 2 � � � � � 5 1 � , eliminating 5 0 due to its absence

in producing the desired output.

The cost in terms of transistors, assuming 4 inputs is

approximately 4 log2 4 . The delay can be characterized

as the delay of propagating through � 4 ; 2� transistors. The

switching activity of encoders for various values of 4 is

given in Table 2. < 8 9
0

8 9
1

8 9
2

4 0.250 0.250 —

5 0.250 0.234 0.058

6 0.250 0.234 0.152

7 0.250 0.246 0.225

8 0.250 0.250 0.250

Table 2. Switching Activity of Encoders

4. Comparison of Approaches

We compare the new approach to the conventional ap-

proach for the implementation of various (� ,
 ) counters,

where � is in the range 2 to 7. We measure cost in terms of

transistor count (TC), critical delay (Del) in nanoseconds,

and average power consumption (Pwr) in milliwatts. Coun-

ters using the two methods were implemented conforming to

MOSIS design rules, and were simulated using HSpice [10],

with Vdd=3.3v, and temperature=25= C. An exhaustive test

vector set was used for counters with � > 4, and 50 random

test vectors were used for counters where � ? 4. Transistion

intervals were set at 10ns to accomodate the relatively large

delays in producing the outputs of the (7,3) counters. The

results are summarized in Table 3.

Counter Conv New

TC Del Pwr TC Del Pwr

(2,2) 18 1.869 0.082 19 1.854 0.098

(3,2) 28 4.030 0.163 39 3.850 0.179

(4,3) 64 4.649 0.385 61 4.461 0.251

(5,3) 74 5.738 0.520 101 4.747 0.349

(6,3) 102 8.109 0.650 145 5.445 0.407

(7,3) 112 9.077 0.774 188 6.653 0.502

Table 3. Comparison of Approaches

5. Explanation of Results

The general increase in cost for the new approach over the

conventional approach is due to the more exhaustive nature

of the new approach. While the conventional approach

reduces the number of bits from � to approximately � 2
3

� �
at each stage, the new approach produces � bits from the

original � bits at the first stage, then reduces the � bits to� log2 � � * 1� � at the encoding stage.

The overall reduction in delay is due to less transistors

along the critical path for the new approach than the con-

ventional approach, since the conventional approach uses

inverters after each pass-transmission gate, whereas the new

approach uses one buffer (two inverters) after every four

transmission gates in series.

The overall reduction in average power consumption is

due to less switching activity among the tally circuits and

encoders within the new approach, than the full-adders and

half-adders used in the conventional approach. This pro-

duces less glitching in the outputs, which helps significantly

in reducing average power consumption.

6. Summary

In summary, we have presented a new approach for (� ,
 )

counter implementations, based on using modules to pro-

duce 1-out-of-� codes, and encoders to produce the final

output. The new approach reduces the critical delay and

average power consumption, at a tradeoff of a generally

larger cost in terms of transistors. This approach is scalable

for larger counters, with each unit increase in � requiring

one more level of logic, without greatly increasing the com-

plexity of the circuit. This approach is attractive for use in

implementing multipliers, multi-operand adders, and other

arithmetic circuits, where reducing delay and power con-

sumption is a major design aspect.
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