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Abstract

Polymorphic gates can be considered as a new recon-
figurable technology capable of integrating logic functions
with sensing in a single compact structure. Polymorphic
gates whose logic function can be controlled by the level of
the power supply voltage (Vdd) represent a special class of
polymorphic gates. A new polymorphic NAND/NOR gate
controlled by Vdd is presented. This gate was fabricated
and utilized in a self-checking polymorphic adder. This pa-
per presents an experimental evaluation of this novel imple-
mentation.

1 Introduction

Advances in CMOS technology have enabled the de-
sign and development of smart adaptive systems on sili-
con. These systems can perform sensing, computing and
actuating on a single silicon die [17]. The adaptation can
be achieved when a part of the design is configurable. In
some applications, the adaptation process is performed only
once with the aim to mitigate fabrication imperfections such
as fluctuation of frequencies, faulty memory cells etc. In
more complex applications, the adaptation process is exe-
cuted continually in order to adapt the chip to a dynamic
environment [4].

Polymorphic gates introduced by Stoica et al. [15] repre-
sent a new reconfigurable technology capable of integrating
the logic function with sensing in a single compact struc-
ture. Logic function of the polymorphic gates can be con-
trolled by an external environment in form of temperature,

power supply voltage, control signals etc. [15, 16, 14, 19].
For example, the polymorphic AND/OR gate performs the
AND function in its first mode (when the first environment
is present, for example, temperature is 27 ◦C) and the OR
function in its second mode (when the second environment
is present, for example, temperature is 125 ◦C).

Various potential applications of polymorphic gates were
analyzed using simulators, including:

• multifunctional adaptive circuits (i.e. a single circuit
structure can perform two or more logic functions ac-
cording to the external environment [13, 12, 5]),

• reduction of test vector volume (i.e. when some gates
of the original circuit are replaced by polymorphic
gates, it is possible to reduce test vector volume when
the mode of polymorphic gates is changed before test
is applied [13]),

• multifunctional counters (polymorphic gates enable a
very efficient implementation of flip-flops and next-
state logic [21]) and

• self-testing circuits [20, 10, 11] (see Section 3).

A six-transistor polymorphic gate was fabricated which
operates as NOR when Vdd = 1.8 V and as NAND when
Vdd = 3.3 V, i.e. the logic function is controlled by power
supply voltage (Vdd) [14]. Note that a HP 0.5 micron
CMOS technology was used for fabrication. This gate ex-
hibits a very unconventional structure; in particular, it does
not follow the well-accepted rules for transistor-level design
of CMOS gates. As the original paper [14] does not provide
detailed characterization of this gate, we do not completely



know its electric properties, especially the power consump-
tion, maximum operating frequency, logic gain etc. No cir-
cuits utilizing this gate were described in open literature.

The aim of this paper is to demonstrate a physical im-
plementation and evaluation of more complex polymorphic
circuits than a single gate. In the first part of this paper, a
new polymorphic NAND/NOR gate controlled by Vdd is
described and characterized. This gate was fabricated in
AMIS CMOS 0.7 micron technology. Proposed gate ex-
hibits almost standard properties w.r.t. ordinary digital gates
developed in the same technology. In addition to some dif-
ferences in electrical properties, it significantly differs from
Stoica’s NAND/NOR gate [14] in the fundamental concept
of required behavior. Stoica’s NAND/NOR gate operates
with identical logic levels for logic signal 1 in both modes,
i.e. the logic 1 is represented using 1.8 V independently
whether Vdd = 1.8 V or Vdd = 3.3 V (note that the logic 0
is always at 0 V). On the other hand, proposed gate moves
logic levels with changing Vdd. When Vdd = 3.3V, the logic
1 is represented by 3.3V. When Vdd = 5V, the logic 1 is con-
sidered as 5 V. This property implies a different class of ap-
plications for proposed gate. The application class assumes
that all circuit components (polymorphic as well as ordinary
gates) are always connected to the same power supply unit.
Polymorphic gates do change logic functions with changing
Vdd. Ordinary gates must be able to perform correctly for
Vdd = 3–5 V as well as for the logic 1 represented as 3–5 V.

The goal of the second part of this paper is to demon-
strate the behavior and properties of a self-checking poly-
morphic adder which was physically implemented using
proposed polymorphic gate and some ordinary gates. The
most significant property of the adder is that it is able to de-
tect a fault when the mode of polymorphic gates is switched.
A fault is indicated by oscillations at the Cout output of
the adder. This concept was introduced and simulated in
our previous work [10, 11]. This paper moves the approach
from simulations to reality.

The rest of this paper is organized as follows. Section 2
introduces a new NAND/NOR gate controlled by Vdd. In
Section 3, the concept of polymorphic self-checking circuits
is presented. Section 3.3 presents the results of experimen-
tal evaluation of proposed self-checking adder. Conclusions
are given in Section 4.

2 Proposed NAND/NOR gate controlled by
Vdd

In Figure 2, a newly proposed polymorphic NAND/NOR
gate is shown. When Vdd = 3.3V, the gate exhibits the NOR
function and when Vdd = 5V, the gate exhibits the NAND
function. Figure 1 shows behavior of the gate for two dif-
ferent levels of Vdd.

Figure 1. Proposed gate behavior (measured
at 5 kHz)

First two transistors on inputs A and B serve as an in-
verter and guarantees the correct output logic levels for the
00 and 11 input combinations. These combinations cause
the same output value for both modes of the gate. The dif-
ference in the gate behavior comes when A and B inputs
differ. Then, the output level is 0 for the NOR function and
1 for the NAND function. In the NOR mode, the output
level 0 is achieved by opened MN transistor (or MN INV
transistor respectively). As transistor MP MIR1 is closed,
Vdd is not sufficient to open MP MIR and M2 transistors.
In the NAND mode, the output level 1 is ensured by opened
MP MIR1 transistor. This transistor is much larger than all
MN transistors and thus overrides their 0s. In Figure 3, the
output voltage is shown for different Vdds and input com-
bination ”10”. In the range of Vdd = 0–3.8 V, the gate ex-
hibits the NOR function (logic 0 at the output). For Vdd
higher than 3.9 V, the gate exhibits the NAND function –
the output is at logic 1 (the output voltage is close to Vdd).
It can be seen that there is a very small hysteresis.

The gate was fabricated in CMOS 0.7 micron technology
(area 55.8 x 68.2 µm – not optimized in this design). Mea-
sured characteristics show that the logic function is changed
around Vdd = 3.8 V. It is stable for Vdd below 3.7 V and
over 3.9 V. In the neighborhood of Vdd = 3.9 V the output of
the gate may oscillate. This is because Vdd can vary due to
varying power consumption during switching of transistors
used in the gate. However, the function instability range is
adequately small and reduced by hysteresis. The absolute
maximum ratings of the gate are inferred from used tech-
nology and shown in Table 1.

Table 2 summarizes DC electrical characteristics of the
gate. Because the gate is polymorphic and exhibits two
functions according to Vdd, these characteristics were mea-
sured for both levels of Vdd. It can be seen that the input
threshold voltage moves from approx. 1V in the NOR mode
(Vdd = 3.3 V) to approx. 1.45 V in the NAND mode (Vdd =



Figure 2. Proposed polymorphic NOR(when Vdd = 3.3 V)/NAND (when Vdd = 5 V) gate

Table 1. Absolute maximum ratings of the
proposed gate

min. max.
Vdd -0.5 V 7 V
input/output voltage -0.5 V Vdd + 0.5 V
operating temp. 0◦C +70◦C
junction temp. -40◦C +125◦C

5 V). Also output logic levels move with Vdd (see Table 2).
Table 3 summarizes measured dynamic characteristics of

the gate. Delays are depending on the gate mode. Espe-
cially in the NAND mode, the delays of rising and falling
edge differ by an order of magnitude. This difference is
caused by different physical sizes of used transistors. Note
that all measurements were performed with ESD protection
circuits used on the inputs and output of the gate. The max-
imum operational frequency was measured as a frequency
of a ring oscillator containing one polymorphic gate.

3 Polymorphic self-checking adders

Various applications employ self-checking circuits capa-
ble of on-line detecting transient and permanent faults, es-
pecially in systems where dependability and data integrity
are important. In self-checking circuits, the functional logic

Figure 3. Output voltage for input = ”10” and
different Vdd

Table 2. DC electrical characteristics of the
proposed gate

Vdd = 3.3 V Vdd = 5 V
ViL max. 0.79 V max. 1.09 V
ViH min. 1.37 V min. 1.78 V
VoL 0.0 V 0.0 V
VoH 3.29 V 4.97 V
fmax 38.6 MHz 56.2 MHz



Table 3. Dynamic characteristics of the pro-
posed gate

Vdd = 3.3 V Vdd = 5 V
A to Z tpLH 64 ns 2.8 ns
A to Z tpHL 56 ns 24.4 ns
B to Z tpLH 81 ns 3.0 ns
B to Z tpHL 71 ns 26.4 ns

provides the output encoded with an error detecting code
and the checker determines if the output is a codeword.
The checker itself traditionally provides a two-rail signal in
which an error is indicated by both rails being at the same
value. Self-checking circuits are conventionally constructed
by adding checking logic around an unmodified original
output of the circuit [9, 1, 8]. An innovative solution was
proposed by Garvie who utilized the evolutionary algorithm
to design small self-checking circuits which merge the orig-
inal function with the checker logic [3]. He reported better
results than conventional approaches if the total area of the
circuit is measured (less than duplication overhead). How-
ever, conventional as well as evolutionary approaches re-
quire special signals which indicate that a fault is present in
the circuit. When more complex circuits are composed of
these elementary self-checking circuits, these special sig-
nals have to be interconnected and aggregated to obtain the
global information about the fault.

3.1 Proposed adder

In our recent work, we proposed a 1-bit adder which ex-
hibits self-checking properties; however, which does not
utilize any additional signals to indicate a fault [10, 11].
Figure 4 shows that the sum calculation is quite standard. A
conventional 1-bit full adder uses two operands, A and B,
and input carry, Cin. It generates the sum S = A⊕B⊕Cin.
On the other hand, the carry out output of proposed adder
is calculated unconventionally using the three NAND/NOR
gates that are connected to the circuit inputs as well as to in-
verted sum, S. Independently of the level of Vdd, this logic
network always generates a correct carry-out signal when
there is no fault present in the circuit. The NAND/NOR
gates can be switched simultaneously between NAND and
NOR function by changing Vdd. If the inputs were not
changed and the control signal were switched at the fre-
quency kf (k is a positive integer and f is an operational
frequency of the circuit) then the circuit outputs would re-
main steady, which is a normal operation of the circuit. Fig-
ure 4 also shows that n-bit ripple-carry adder can be com-
posed when n 1-bit adders are used.

However, when a stuck-at-fault is present within the
adder then Cout output will oscillate between 0 and 1 at the
same frequency as Vdd oscillates. In addition to its primary
function, this output works as the indicator of a stuck-at-
fault in the circuit. Vdd is switched whenever the circuit
should be tested. The test can be performed either before
the system is put into operation or in some time slots de-
voted to testing of the system or on-line.

The motivation for this approach reflects the fact that
some of future computing architectures will probably con-
tain a large massively parallel array of locally interacting
computing elements in which the issue of efficient wiring
will be very important. The existence of some extra signals
or even global signals will be problematic [2].

The proposed adder costs 42 transistors (considering that
the XOR as well as NAND/NOR gate requires 8 transistors
and inverter costs 2 transistors), i.e. the overhead is 75% in
comparison with a conventional optimized transistor-level
implementation of a 1-bit adder which costs 24 transistors
[18]. The overhead is slightly higher than conventionally
designed self-checking adders [7, 3] (for example, the self-
checking adder reported in [6] consists of 36 transistors);
however, the proposed adder does not require any additional
wires. It is assumed that standard gates (the XORs and in-
verters) operate correctly for the both modes of polymor-
phic gates.

3.2 Fault detection capabilities

Table 4 shows the fault coverage for all possible test vec-
tors applied on the polymorphic adder. Test vectors are in-
dexed 0–7 which corresponds with the circuit inputs ordered
as (Cin, B, A). Symbol “x” means that a corresponding
test vector is able to induce oscillations at the carry-out out-
put for the particular stuck-at-fault. We can observe that the
stuck-at-fault can not be detected only when injected to gate
g6. The reason is that this gate is connected directly to the
primary output of the adder. It is easy to derive from Ta-
ble 4 that by applying test vectors Mmin = {1, 2, 3, 5} or
{1, 2, 5, 6} or {2, 4, 5, 6}, all single faults can be detected.
In other words, at least four test vectors have to be applied in
order to initiate oscillations at the carry-out output when a
single fault is present in the adder. The probability of fault
detection is 0.325 when only a single randomly generated
test vector is applied.

3.3 Physical implementation

In order to verify polymorphic self-checking properties,
proposed adder was created in a breadboard using two XOR
gates (2/4 of 4030 used), three NAND/NOR gates (see Sec-
tion 2) and inverter (also an XOR gate from 4030 was used
as the inverter). Again, NAND/NOR gates are equipped
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Figure 4. Proposed 1-bit self-checking adder and its utilization in the ripple carry adder

Table 4. Fault coverage of proposed polymor-
phic self-checking adder

Mi /vector 0 1 2 3 4 5 6 7 stuck-at
M1 . . x x x x . . 0
M2 . x . . x . . . 0
M3 . x x . x . . . 0
M4 . . . x . x x . 0
M5 x . x . . . . . 0
M6 . . . . . . . . 0
M1 . x . . . . x . 1
M2 . . . x . . x . 1
M3 . . . x . x x . 1
M4 . x x . x . . . 1
M5 . . . . . x . x 1
M6 . . . . . . . . 1

with ESD protection. The power supply unit is synchro-
nized with input signals. The level of Vdd is switched be-
tween 3.3V and 5 V at frequency fcin/2 where fcin is the
frequency of Cin signal (fcin = 2.4 kHz in experiments).
The following properties of the adder were measured:

• It was verified that the adder computes S and Cout cor-
rectly for all possible input combinations and both lev-
els of Vdd.

• When Vdd is switched, S and Cout can oscillate if the
change of Vdd is not steep enough.

• Maximum operational frequency of the adder corre-
sponds with operational frequency of the polymorphic
gate (see section 2).

• It was verified that the adder works according to Ta-
ble 4 when a stuck-at-fault is present in the circuit.
Figure 5 shows one particular example of this behavior.
A stuck-at-zero was inserted at the output of gate g4.
We can observe a different response pattern at Cout for

Vdd = 3.3 V and Vdd = 5 V which indicates the pres-
ence of a fault.

3.4 Note on a ripple carry self-checking
adder

Consider a 2-bit self-checking adder (Fig 4). When a
fault is present in STA1 then the fault is indicated by oscilla-
tions at Cout1 as explained for the 1-bit full adder in the pre-
vious paragraph. In order to detect at Cout1 a fault which is
present in STA0 then Cout0 has to propagate through STA1.
This can only be achieved by setting A1 �= B1. Similarly to
previous section, we can observe that the stuck-at-fault can
not be detected when injected to gates 6 or 12. Only four
test vectors are needed to detect all single faults at remain-
ing gates and thus to initiate the oscillations at Cout1. This
observation also holds for n-bit ripple carry adder.

4 Conclusion

The idea of polymorphic self-checking was initially pre-
sented in [20]; however, the authors composed their adder
of 14 NAND/NOR polymorphic gates and allowed oscilla-
tions on both outputs of the adder. No physical demonstra-
tion of the concept was published. In comparison to [20],
the advantage of proposed solution is that: (1) faults are in-
dicated at Cout only, (2) faults can propagate through all
stages of the n-bit ripple-carry adder to be detected at the
primary Cout of the whole n-bit adder and (3) the number
of transistors was significantly reduced.

Although we used a relatively obsolete technology to
fabricate polymorphic gates and the experiments were per-
formed on a breadboard, the idea that the self-checking
property can be achieved using polymorphic gates was
clearly demonstrated. Further optimization of the proposed
NAND/NOR gate and a compact implementation of the
adder on a single chip are planned for our future research.



Figure 5. Different values at Cout (when Vdd is switched) indicate a stuck-at-fault at output of g4
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