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Efficient transient simulation of efuse

Zbigniew Jaworski

Abstract—This paper presents a novel approach to model efuse
device. An efuse is a simple semiconductor device which can
be referred to as a programmable resistor and is available in
many modern CMOS technologies. The efuse resistance can be
changed by burning procedure, i.e. applying specific electric
current value for particular time. The new efuse resistance is
retained permanently. The typical efuse application is one-time
programmable (OTP) memory. However, process design kits do
not provide any model covering the transition from initial to
burned state. Thus, verification of programming of an OTP cell
is practically impossible. To address this problem, a behavioral
Verilog-A model of efuse has been developed. This paper presents
the model and its application to verify the example OTP cell
designed in 22 nm FD-SOI technology. The proposed model is
easy to use and to allow for effective transient simulation of
efuse-based designs.

Keywords—Efuse; Verilog-A; transient simulation; OTP mem-
ory; FD-SOI; CMOS

I. INTRODUCTION

EVERAL modern technologies provide designers with
S an efuse — a simple semiconductor device that can be
treated as a field-programmable resistor. The efuse resistance
may be changed only once by employing so called burning
procedure. The burning is realized by means of applying a
specific, relatively high, electric current value for a particular
time. The resulting efuse resistance is retained permanently.

The typical field of application of the efuse is design of one-
time programmable (OTP) memory. The classic OTP usage
is to store digital vector which controls e.g. active mismatch
compensation circuitry of an operational amplifier or compara-
tor [1], [2], [3]. However, the only available description of an
efuse device is a subcircuit, which can be statically configured
to reflect either the initial intact resistance or the resistance of
the blown efuse. Usually, process design kits (PDK) usually
do not provide a model covering the initial to blown state
transition. Thus, verification of the proper operation of an OTP
cell in the programming phase is practically impossible. In
order to overcome this difficulty, designers use various tricks
and ad hoc solutions specific to a particular CAD tool. This
situation calls for a new systematic approach that holistically
addresses the problem.

This paper presents a novel approach to the efuse model-
ing which eliminates disadvantages of current solutions. The
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proposition is inspired by the many examples of successful
implementation of analog hardware description language (typ-
ically Verilog-A) to develop compact models of semiconductor
devices, not only transistors but also polysilicon resistors,
memristors, sensors, ReRAM etc. [4], [5], [6], [7], [8], [9],
[IOL, [01L, 1020, 1031, L4, 151, (16, 171, (18], 1191, [201,
[21], [22], [23], [24]. The usage of Verilog-A(MS) models
for analog and mixed-signal systems modeling is currently a
well establish approach. All the major CAD system vendors
provide analog simulators that fully support Verilog-A model.
Moreover, the performance of simulation of Verilog-A models
improves systematically. Thus, the idea to choose the AHDL
approach to build a compact efuse model seems very rational.

In the following sections the developed Verilog-A model of
efuse is presented. The complete code is shown and explained
in detail. Next, the example OTP cell designed in 22 nm FD-
SOI technology, is demonstrated the practical proposed efuse
model performs in real-life case.

II. PROPOSED SOLUTION

The attempt to build a compact model of an efuse device
can be only as successful as complete and precise is the
information provided by the manufacturer. Unfortunately, pro-
cess design Kkits offer very basic subcircuits which represents
electrical properties of efuse in the two static states of the
device: intact and blown. Moreover, neither information on
the actual physics of the burning process is provided, nor are
experimental data available. Usually, the documentation gives
details on:

« resistance of intact device,

« resistance of efuse after completing burning procedure,

« required programming current value,

o required programming time,

e maximum save sensing current value,

e maximum save sensing time.

A. Assumptions

Since technology providers do not disclose enough data to
develop full-featured compact model of efuse as it happens in
the case of other solid state devices like e.g. memristors [7],
[81, [9], [25]. Thus, a somehow limited but realistic goal has
to be defined. In the course of the work, is has been decided
that prospected efuse model should:

o achieve full electrical compliance with the subcircuit

provided by the PDK, in respect to intact and blown
resistance, both in case of DC and TRAN analysis,
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e in case TRAN analysis produce reasonable transition
from initial to blown state,

« watch for excess burning time,

« watch for excess burning electric current value.

B. The proposed Verilog-A Model of Efuse

The Listing 1 presents the complete Verilog-A code of the
Efuse_ AHDL module. The efuse is basically non-linear resis-
tor. Thus, the model consists of single branch which modeled
as following contribution statement which implements the
Ohm’s Law (line no. 78):

V(p,n) <+ I(p,n)*Reff;

The effective resistance R.yy is calculated by the following
equation (line no. 75):

Reff = Rinitx(l-efuse_state_s) + Rblownxefuse_state_s;

The value of efuse_state_s variable is obtained by applying
the Verilog-A built-in fransient() function to the efuse_state
variable to make the transition smoother (line no. 72):

efuse_state_s = transition(efuse_state , deltime, transtime);

The parameters that control delay and transition time (deltime,
transtime) of the ramp signal are implemented as module
parameter (lines no. 28 and 29) to allow user to easily tune
the model to actual efuse features. The efuse_state variable
in the above statement plays the key role in modeling of the
burning process. The efuse_state is the integer type variable
and is initiated to O value at the simulation time Os (line no.
37). The efuse_state value will be set to value of 1 when the
burning process is completed. This condition is fulfilled when
burning process last long enough which means the value of
I_dt variable rises above time_th limit (line no. 65):

@above ((I_dt — time_th)) efuse_state = 1.0;

The value of I_dr variable is calculated by means of Verilog-A
built-in function idi(x, initial_condition, clear) which returns
the time integral of its first argument (line no. 62):

I_dt = idt(burning & (!efuse\_state), 0, clear);

The burning starts when the flow I(p,n) excides predefined
level, here denoted as I_th (line no. 43):

@cross( abs(I(p,n)) — I_th, +1, timetol, sigtol)

When above event takes place the burning variable is set 1
(line no. 48) and the clear variable is set to 0 (line no. 47).
Since the efuse_state was initiated as 0, the idf() function
starts calculating the time integral of the constant ”1” what
is equivalent to measuring time of burning process.

When the I(p,n) current drops below I_th level before the
burning is completed, the variables burning and clear are being
reset to initial values 0 and 1, respectively (line no. 52-58).
This in turn causes the idt(x, initial_condition, clear) function
to return to initial condition, in this case 0. The burning
procedure is canceled, awaiting a new I_dt > I_th event.

In addition, the model watches for excess burning current
value (line no. 46) and excess burning time (line no. 68).
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// Standard headers are loaded
‘include “constants.vams”
‘include “disciplines.vams”

//Module and ports declarations
module Efuse_AHDL (p, n);
inout p,n;

electrical p,n;

// Declarations of internal variables

integer burning = 0, efuse_state = 0, clear = 0;
real I_dt = 0.0;
real efuse_state_s = 0.0;

real Reff = 0.0:

// Declarations of module parameters

parameter real Rinit = 125 from [1:inf);

parameter real Rblown = 5000 from [l:inf);

parameter real I_th = 8e-3 from [le-6:inf);
parameter real time_th = 10e-6 from [le-6:inf);
parameter real time_th2 = 20e-6 from [le-6:inf);
parameter real I_th_limit = 5e-6 from [le-6:inf);
parameter real I_sens_limit = le-6 from [le-6:inf);
parameter real timetol = le-12 from [le-12:inf);
parameter real sigtol = le-6 from [le-6:inf);
parameter real transtime = le-6 from [le-6:inf);
parameter real deltime =0 from [0:inf);

// Reset module variables the initial simulation step
analog begin
@ (initial_step or initial_step (”static”) )
begin
burning = 0;
clear = 0;
efuse_state = 0
1_dt=0.0;
efuse_state_s = 0.0;
end

// Wait for the event that triggers burning process
@ cross( abs(I(p,n)) — I_th, +1, timetol, sigtol)
begin
$discontinuity (0);
if (I(p,n) > I_th_limit) $strobe(”Programming current too high”);
clear = 0;
burning = 1;
end

// Stop burning process when current drops prematurely
@ cross( abs(I(p,n)) — I_th, -1, timetol, sigtol)
begin

$discontinuity (0);

if (burning && !efuse_state) clear = 1;
if (!efuse_state) burning = 0;
end

//The idt operator is used to calculate time integral of constant burning=1
// The result is equal to burning time
I_dt = idt(burning&(!efuse_state), 0, clear):;

// Check if burning time reached required limit and then set efuse_state flag to 1

// Warn of excess burning time
@ above( (idt(burning, 0) > time_th2 ))
$strobe ("Programming mode lasts too long”);

// Control the transition from initial to blown state
efuse_state_s = transition(efuse_state , deltime, transtime);

// Effective resistance of efuse
Reff = Rinit=(1 — efuse_state_s) + Rblownxefuse_state_s;

// Change the efuse resistance from Rinit to Rblown
V(p,n) <+ I(p,n)=Reff;

end //analog

endmodule
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C. Verification of Proposed Efuse Model

The Figure 1 shows the test bench used to perform example
transient simulation of the proposed efuse model. The instance
of Efuse_AHDL is connected to ideal voltage source and
resistor, which emulates internal source resistant, connected in
series. The simulation results are presented in Figure?2. The
plots in red present test bench level voltages and current. The
blue waveforms show internal variables of the Efuse_ AHDL
module.

Uefuse

Efuse
a

Usource

\

t1=g Efuse_AHDL
A%

vi=1n c

tvpairs=11 i

Fig. 1. The test bench schematic for transient simulation of the Efuse_ AHDL.

The test scenario consists of two burning attempts. The first
one is going to stop before burning is completed while the
second attempt will cause the efuse to permanently change its
resistance.

In the period O...6ps the value of current I(p,n) flowing
though the efuse remains below I_prog limit and burning flag
also stays equal to 0. Next, at the time of 6us the value
of the external voltage Usource applied to efuse raises and
consequently the Uefuse goes up to the level that makes the
I(p,n) current cross the limit and burning procedure starts.
The I_dt variable, time integral of constant 1, starts to grow
linearly. But in the time of 10.5 s the Usource drops to 0V
too early. The clear signal is set 1 what in turn reset the I_dt.
The burning is canceled.

The second attempt to burn efuse starts in 14 ps. This time
burning is completed successfully. In the time about 24 us
the I_dt variable reaches predefined level and the value of
efuse_state_s variable goes up from O to 1. This in turn causes
the effective resistance R,y change from R t0 Rpjown
level. The change of efuse resistance can be observed both on
the Uefuse and I(p,n) plots.

D. Dealing with discontinuities

The typical problem of Verilog-A models are discontinu-
ities generated by abruptly changing device behavior which
in turn causes convergence problems. In the case of efuse
model the inevitable discontinuities are created by assigning
new values to efuse_state variable. The Verilog-A language
provides solutions to this problem. Firstly, the $discontinuity()
built-in function can be used to announce this problem to
simulator. Secondly, models should employ filter functions like
transition(), slew() or laplace_nd() to smooth discontinuous
behavior.
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Fig. 2. The results of transient simulation of the Efuse_ AHDL test bench.



The presented in the previous subsection efuse model uses
the transition() function to smooth the transition of efuse_state
variable and consequently the transition of effective resistance
Rcyp. The Figure3 shows the example simulation results
that illustrates the effects. The R.ys sustains continuity but
the Ist order differential of R.yy does not. The obvious
disadvantage of this solution can be clearly visible in the
Figure 2. In the time of 24 ps the rapid start of R,y transition
is the reason for discontinuity of 1st order of Uefuse and
I(p,n). This may pose serious convergence challenge or at
least may require extremely short time step. Thus, a more
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Fig. 3. The effect of transient() function used for R, s transition smoothing.

effective smoothing method should be used here. It seems
the laplace_nd() function is a promising solution. It allows
to implement a low-pass filter of arbitrary transfer function
defined in the s-domain. An interesting idea is the Bessel
filter. The only difficulty here is the calculation of coefficients
of the Bessel polynomials [26]. The Tablel presents example
coefficients of the Bessel denominator polynomial obtained for
cut-off frequency wg = 1e6.

TABLE I
BESSEL FILTER DENOMINATOR POLYNOMIAL FOR wp = 1e6

Order ‘ s0 ‘ st 52 53 st 5P
1 1 1*e-6 - - - -
2 1 1.73*e-6 1*e-12 - - -
3 1 247%e-6 | 2.43%e-12 1*e-18 - -
4 1 3.21%e-6 | 4.36%e-12 | 3.12%e-18 le-24 -
5 1 3.92%e-6 | 6.87%e-12 | 6.78%e-18 | 3.81e-24 | 1le-30

The following statement presents Verilog-A implementation
of Bessel low-pass 2nd order filter used to smooth transition
of efuse_state variable:
efuse_state_s=laplace_nd (efuse_state ,{1},{1,1.73e-6,1e-12})

which substitutes originally used:

efuse_state_s = transition(efuse_state , deltime, transtime)

The example results of transient simulation of the efuse model
utilizing Bessel low-pass filter are shown in Figure 6. The
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Fig. 4. The effect of employing laplace_nd() function to implement Bessel
low-pass filter for Ry transition smoothing.

combined plots shown there let us compare various approaches
to obtain smooth transition of the effective resistance Rcyy.
It can be clearly observed that Bessel low-pass filter of order
2...5 offers best efuse model performance. There is always a
question of the cost of the more sophisticated smoothing.

In order to compare the costs of transient simulation of
different smoothing methods a series of experiments has been
performed on the workstation equipped with Intel 19-9900K
3.60 GHz CPU and 64GB of RAM and running Centos 7 OS.
The experiments were organized as follows. The efuse Verilog-
A model was modified to employ one of the six smoothing
method: transistion() function and five cases of laplace_nd()
function implementing the Bessel low-pass filter with cut-off
frequency wy = 1e6 of orders 1...5. The simulated design was
the test bench shown in Figure 1. Each case was simulated
five times. The averaged values of total CPU time and peak
memory usage for each case are presented in TableIl. The
results show that memory usage is practically identical in all
the cases. However, there is a noticeable but still relatively
small increase in the total CPU time. The conclusion is
that the smoothing based on usage of Bessel low-pass filter
offers much better performance without significant increase
of simulation cost.

TABLE II
AVERAGED SIMULATION COST VS SMOOTHING METHOD

Smoothing method Total CPU time [ms] | Peak memory [MB]

transition() function 9.65 154
Bessel filter 1st order 10.48 155
Bessel filter 2nd order 10.36 154
Bessel filter 3rd order 11.03 151
Bessel filter 4th order 12.12 153
Bessel filter S5th order 12.20 152
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III. EXAMPLE APPLICATION OF PROPOSED MODEL

As it was already mentioned, the typical field of application
of an efuse is the design of one-time programmable (OTP)
memories. Although efuse based OTP ROMs cannot offer
large capacity and would consume unacceptable large silicon
area per bit they are still an attractive solution. They do not
require complex programming in compare to FLASH-type
memories and can be used by an average designer.

One of the popular usage of efuse based OTP is to store
relatively short vector of bits that control an analog block,
e.g. active mismatch compensation circuitry [1], [2], [3]. The
final validation of the developed model should be performed
in real-life environment and the memory cell seems to be the
obvious choice.

The Figure5 shows the design of very simple OTP cell
realized in 22 nm FD-SOI process, using 1.2 V voltage supply.
The instance of the Efuse_ AHDL module substitutes in this
design the actual efuse cell. This OTP cell has two inputs: prog
and sense. The first one controls the burning process while the
second switch the OTP cell between power down and read-out
modes. The burning procedure requires to activate transistor
NO what happens when prog=0. The read-out mode on the
other hand requires to set sens=1. These two signals should
not be active simultaneously. The cell has two outputs: L and
R for demonstration purposes. In practice, monitoring of the
L output is enough to make effective use of the cell.

RO

EFUSE .

voD 4P . T
[eN

Efuse_AHDL

Fig. 5. The simple OTP cell implemented in 22 nm FD-SOI process.

The results of transient simulation of the example OTP
cell are shown in Figure 6. The simulation starts with efuse
remaining in its initial, intact state. The first attempt to read out
the bit stored in the cell takes place around 8 us and the second
one is issued about 58 us. In the meantime, burning procedure
is initiated twice. In addition to OTP cell signal the burning
and I_idt waveforms are presented (plotted in blue) to help
to understand what is happening inside the F fuse_ AHDL
module. The first burning try (around 25 ps) is too short and
efuse returns to initial state. The second attempt to burn efuse
(around 40ps) is completed successfully. It can be clearly
observed that first and second read-out operations yield two
different voltage values on the output L, which can be easily
interpreted as logical 1 and O.
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Fig. 6. The results of transient simulation of the example OTP cell.

IV. CONCLUSIONS

The presented Verilog-A based efuse model allows to ef-
ficiently simulate real-life designs, like OTP memory cell.
Since the model is not a part of any PDK technology library
potential users need to replace original efuse devices with a
custom cell that contains the Verilog-A code. The model is
fully parametrized what allows to easily apply it to devices
available in various technologies.

The developed model has been successfully tested with
several circuit simulators provided by different CAD vendors,
with various setup option that affect precision and with differ-
ent time step control algorithm.

Improvements of the presented efuse model are possible
on condition more information on the device physics is made



available to designers. The improvements could include mod-
eling of the parasitic capacitances or the efuse behavior in case
of sequence of incomplete burning procedures.
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