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Abstract—In this paper, a systematic design methodology is
proposed to design a triangular wave generator circuit. Using this
methodology, various oscillation frequencies can be obtained in a
shorter design time. Furthermore, the variations in the oscillation
frequency are controlled across all process corners. The proposed
methodology employs a transistor sizing and biasing CAD tool
called CHAMS, in which the sizes and biases of each transistor
are performed to meet the required DC operating points. Across
all process corners, the error in the oscillation frequency can
be controlled by changing the trimming current. Simulations
across nine corners are done to estimate the error in frequency.
The condition to pass the design is to guarantee that for each
process corner, at least one of the trimming combination sets the
oscillation frequency within the specified limits. The methodology
is applied for different arbitrary values of frequencies 1 MHz, 2
MHz, and 4 MHz with a maximum error of +3%.

I. INTRODUCTION

Triangular wave generators are widely used in many appli-
cations such as instruments, measurements, switching power
conversion control circuits. In switching power converters,
such as DC-DC converters, triangular wave generator is used
to provide the reference switching frequency of the system.
Variations in the switching frequency affect the converter out-
put voltage ripples. Hence, the error in the switching frequency
has to be minimized [1], [2].

As the triangular wave generators are widely used, the
availability of efficient systematic design procedure to design
such circuits would be useful and shorten the design time.

In this work, a structured design methodology is proposed
for a triangular wave generator. The methodology utilizes
a structured computer-aided-design (CAD) tool developed in
LIP6-UPMC called CHAMS. Using this methodology, the tri-
angular wave generator circuit can be sized to obtain different
oscillation frequencies with less design time. Moreover, a cur-
rent trimming circuit is sized to sustain an oscillation frequency
within certain error limits across all the process corners. In
the design methodology certain circuit specifications - such as,
propagation delay of comparator - are set. Then, the sizing and
biasing of the all components can be provided automatically.

The paper is organized as follows. Section II describes the
triangular wave generator architecture, including the compara-
tor and trimming circuits. An overview of CHAMS concept
of operation is discussed in Section III and illustrated by the
comparator circuit design of the wave generator. Section IV
shows the design flow for the trimming circuit. Simulation
results are reported in Section V. In Section VI, conclusions
are drawn.
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Fig. 1: Triangular wave circuit schematic

II. TRIANGULAR WAVE GENERATOR CIRCUIT

The triangular wave generator circuit is illustrated in Fig-
ure 1. A capacitor is charged and discharged via constant cur-
rent sources. The voltage across the capacitor is compared to
reference voltages Vi, and Vp, which represent the minimum
and maximum voltage levels of the triangular wave signal.

The basic circuit operation can be divided in two cycles
which are charging and discharging cycles. In the charging
cycle, the PMOS switch (MPS) is turned on and the current
source charges the capacitor. When the capacitor voltage
exceeds Vi, the comparator signal (S) switches off the PMOS
switch (MPS) and turns on the NMOS switch (MNS) starting
the discharging cycle. The resistances of the switches (MPS
and MNS) should be minimized to reduce the variation of the
transistor drain voltages in the current mirrors.

The triangular wave period can be calculated using equa-
tion 1:

Ttriangular = Llcharging + Tdischarging

1 1

( +
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).C.(Ver = V) (1)



where C' is the load capacitor, Icharging and Igischarging are
the capacitor charging and discharging currents, respectively.
Icharging and Igischarging have the same value in order to
have a triangular wave with equal rising and falling times.
The current trimming is used to compensate the variations
in the frequency due to the process variations. The compen-
sation is performed by controlling different current sources
using input trimming bits (BO and B1) to select different
bias currents. The trimming bits (BO and B1) are externally
asserted to obtain the proper oscillation frequency. As two
trimming bits are used, four current values can be generated.
Across all process corners, the required oscillation frequency
should be obtained using one of these four current values. The
number of series switches is minimized in order to reduce
the current discrepancies in the current mirror. The trimming
circuit presented has a maximum of two series switches in
each branch. With process corners variation, a current variation
range is estimated. Minimum current (,,,;,) iS to compensate
for the worst power corners and maximum current (f,4,) to
compensate for the worst speed corners. Current mirrors are
designed with minimum current (/,,,;,) and two current sources
of currents equal to A and 2A, where :

A= (Imaz - Im,ln)/'3 (2)

The current values for the trimming circuit are defined as:
(Iminv Imzn + A7 Imzn + 2A7 Ima:r)- Currents Imzn and Ima:v
are varied to sustain the oscillation frequency with limited
variations across all the process corners.

The comparator architecture is shown in figure 2. It comprises
three stages of amplifiers. The first stage is a conventional
differential pair amplifier. The second and third stages are
common source amplifiers. The transistors MN7 and MN6
are used to clamp the output voltage of the second stage,
hence, minimize the swing and speed up the comparator.
The third stage gain is maximized to sense the small voltage
swing at its input. An inverter is used to enhance the load
driving capabilities. The comparator is designed to minimize
the propagation delay in order to minimize the error in the
amplitude of the triangular wave.

Fig. 2: Comparator circuit schematic

III. CHAMS: HIERARCHICAL SIZING AND BIASING
METHODOLOGY

CHAMS is a CAD platform that provides assistance to the
analog designer for the design of analog firm intellectual prop-
erties (IP) [3]-[5], it is developed at LIP6 [6]-[8]. CHAMS
allows to generate the analog IP sizing and biasing procedure.
CHAMS has the following features:

e It is based on the C/C++ language.

e It implements a standard interface for the encapsula-
tion of a spice-like electrical simulator.

e It has a fast fransistor sizing and biasing tool based
on MOS operators.

e It has a fast circuit sizing and biasing tool based on a
bipartite graph.

e It injects sizing and biasing knowledge during an
optimization phase.

Sizing and biasing operators aim at computing the sizes and
biases of transistors. The operators are based on the numerical
inversion of the transistor compact model (BSIM3v3 [9],
BSIM4 [9], EKV [10], PSP [11]). Every transistor is defined by
the following parameters: W (width), L (length), Vg (gate-
source voltage), Vpg (drain-source voltage), Vpg (bulk-source
voltage), Vg (overdrive gate voltage), Ip (drain current),
Temp (temperature). Each operator has a set of input parame-
ters that are set by the designer and computes unknown widths
and biases (see Table I, where Vypg = Vigs — Vg enables to
use the QI—’: method [12]). An operator computes either:

W = fw(Temp,Ip,L,Vas, Vs, VBs) 3

or :

VGS :fVGs(Temp7[D7mL7VDS7VBS) (4)

fw and fy,, are two inverse functions of the transistor
compact model given in equation (5):

Ip = fuoper(Temp, W, L,Vas, Vps, Vas) 5)

where MODEL is one of the standard transistor models
like BSIM3v3, BSIM4, PSP and EKV. fy and fy,, are
monotonous functions, thus equations (3) and (4) are solved
using the Newton-Raphson approach.

Table I gives the definition of the main five classes of the
sizing and biasing operators applied to the MOS transistor.

To size and bias a transistor, a bipartite DAG (Directed
Acyclic Graph) is associated with it. We have defined a
bipartitt DAG G(V,, V., A) with the two disjoint sets V,,
and V.. V, is the set of parameter nodes, V. is the set of
computation nodes consisting of operators, and A is the set
of arcs that state the dependencies between each operator
and its parameters. The bipartite graph [7], [8] for the sizing
and biasing of the diode-connected transistor using operator
OPVGD(Vgeg) (Table 1) is shown in Figure 3.



TABLE I: Class definition of sizing & biasing operators.

Operator Definition

OPVS(Vea,VB)

(Temp,Ips, L,Vea, VD, Va, VB)
= (Vs, W, Vrg)

OPVG(VEg) (Temp,Ips, L,Vea, VD, Vs)
— (Va,W, VB, Vrm)
OPVGD(Vgg) (Temp, Ips, L, Vea, Vs)
= (VGa VDa Wﬂ V37 VTH)
OPW(Vg, Vs) (Temp, Ips, L, Vp,Va,Vs)

— (W, VB, Vru)

OPIDS(VG7VS) (Temp7W7L7VD7VG7VS)

— (Ips, Ve, Vru)

REY s

Sizing and
OPVGD(VEG) biasing

operator

Computed
parameters

Fig. 3: Graph representing the input parameters and output
parameters of the operator OPVGD. [8§]

A set of input parameters are defined for the diode-
connected transistor. The sizing and biasing operator
OPVGD(Vge) is then called to compute the set of output
parameters. From the bipartite DAG of the transistor shown in
Figure 3, more complex bipartite graphs are built for devices
which consists of a small set of transistors realizing the
primitives of the analog behavior such as differential pairs,
cascode, current mirrors [13]. Figure 4(a) illustrates a current
mirror device. The designer can set a current ratio of 1 : 5 from
transistor M, to transistor Ms. Therefore the linear constraint
Wy = 5% must be respected. The bipartite graph for the cur-
rent mirror is shown in Figure 4(b). Operator OPVGD(VEG)
computes the width W, for the reference transistor then the
designer constraint is added in the graph to compute Ws.

This sizing and biasing methodology is used to generate
suitable sizing procedures for circuits that respect the de-
signer’s choice of parameters and design constraints. Each
sizing procedure for a circuit is a sequence of operators that
compute missing sizes and biases, represented as a bipartite
DAG. The evaluation of the whole sequence results in the sizes
and biases giving the intended DC behavior. This methodology
is illustrated by the bipartite DAG shown in Figure 11 for the
comparator (Fig. 2). The sizing procedure for the charging and
discharging current sources with trimming (Fig. 1) is also built
with the same approach.

Device Bipartite Graph

“Reference Transistor Bipartite Graph ™,

{Reference Transistor
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Fig. 4: (a) PMOS current mirror device, (b) its associated
bipartite graph. [8]

IV. PROPOSED DESIGN METHODOLOGY

The triangular wave generator consists of two main blocks
which are the comparator block and the capacitor charging and
discharging block. In the comparator block, the comparator
DC node voltages and biasing currents for the comparator are
specified in order to have propagation delay less than 10%
of the minimum switching period. The transistor sizes are
generated using the procedure provided by CHAMS and shown
in Fig. 11 to meet the required specifications. A transient
simulation of the comparator is performed to evaluate the
propagation delay for the comparator. If the specifications are
not met, changes in the DC biases are made to modify the
transistors aspect ratios. These iterations are done until the
specifications are met.

The second block is the capacitor charging and discharging
circuit. It comprises the capacitor and the trimming current
sources with its associated switches. The capacitor value can
be calculated using equation (1) which theoretically is the total
capacitance including all the parasitic capacitances at this node
for a certain bias current. For the trimming block, the sizing
is performed at a certain DC bias voltage to guarantee the
proper operation of all the transistors. This ensures that the
current sources and switches operate in the saturation and
linear regions, respectively. The switches are sized to have a
maximum resistance of 50 {2. Moreover, CHAMS is capable of
estimating the parasitic capacitance so the actual value of the
load capacitor can be calculated as in the following equation,

Cioadlactual) = Cloqq(calculated) — Cgq(comparator)
_Cdd(MPIa 27 3) - Cdd(MN17 27 3) (6)

where Cy, is the total gate capacitance of the comparator input
terminal, Cyq(M P1,2,3) is the sum of drain capacitances of
the transistors MP1, MP2, and MP3, and Cyq(MN1,2,3) is
the sum of drain capacitances of the transistors MN1, MN2,
and MN3. All the circuit components sizes are generated to
meet the required biasing and specifications. The error in the
frequency is measured. If the error in the frequency exceeds
the limits in one process corner, then the trimming range (i



Set the desired oscillation frequency (),
and the capacitance value ( C ).
The voltages VH and VL are predefined

Calculate the required average bias
current (I ) Eq. (1)

avg.

Set a range for trimming currents
(Imax and Imin ) and calculate trimming
step (/) Eq. (2)

Size the current sources and switches using
CHAMS based given currents and voltages.

Change the trimming
range ( Imax and Imin )

Estimate the actual capacitance value
Eq. (6)

excluding the parasitic capacitances.

Run transient simulations across
the process corners.

In all corners,
Error in freq. < desired error ?

Fig. 5: Current trimming circuit design procedure

and I,,,,) can be modified and transistors are resized again
or the capacitor value can be changed. The flow chart in the
Figure 5 shows the design procedure for the trimming circuit.
This procedure is to maintain a certain frequency with bounded
variations across all process corners.

V. SIMULATION RESULTS

Simulations are performed to verify the validity of the
proposed methodology using 0.35 pum CMOS technology.
A testbench for the comparator is constructed as shown in
Figure 6. A triangular wave with voltage varying from 1.25 V
to 3.75 V with frequency of 2 MHz is applied to the negative
terminal and a constant voltage of 2.5 V is applied to the
positive terminal. The biasing current is 20 ;£ A and the current
ratios for the biasing current mirrors are K1 = 5, K2 = 5,
and K3 = 10. The transistor sizes are generated by CHAMS
(Fig. 11) and iterations are done to obtain a propagation delay
less than 3 ns. The resulting propagation delay with rising edge
is 2 ns while with falling edge is 2.8 ns as shown in Figure 7.
The total power consumption is 1.59 mW.

The design procedure is applied on trimming circuit and
simulated for certain process corners. The process corner
models in the used technology are shown in Table II.

Vy=3.75V Voo =5V

V=125V

Triangular
wave
generator

Comparator

+

= I C.=1pF
Ibias = 20 UA

DCvoltage _L_
source

Vge=2.5V

Fig. 6: Comparator testbench to measure the propagation delay
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Fig. 7: Comparator input and output signals with indication of
rising and falling delays

cmostm typical NMOS and PMOS
CMosws worst case speed - slower transistors
Cmoswp worst case power - faster transistors
CMOSwWo worst case one - slow PMOS and fast NMOS
CMosSwz worst case zero - slow NMOS and fast PMOS
captm typical capacitor value
capws worst case speed - capacitor value greater than typical
capwp worst case power - capacitor value smaller than typical

TABLE II: CMOS process corners definition in CMOS
0.35um

Combination of the transistor and capacitor process corners
is illustrated in Table III and numbered to be used in the
succeeding results. The procedure for trimming is done for
oscillation frequency of 2 MHz. Using the current trimming,
the variations in the frequency are kept within +3% error
across all process corners. As shown in figure 8, the solid
lines represent the desired nominal oscillation frequency and
the dashed lines represent the minimum and maximum ac-
ceptable range of frequency variations. The capacitor value
used is 3.63 pF after excluding the parasitic capacitances.
The minimum and maximum currents are 35 uA and 47 pA,
respectively. The step in the trimming current is 4 pA. Thus,
The trimming currents are 35 puA, 4 A, and 8 pA.

Corner number 1 2 3 4 5 6 7 8 9
capacitor model tm wp | ws | wp ws wp ws tm tm
CMOS model tm | wp | ws | wo | wo wZ wz | wo | wz

TABLE III: Process corners models used in simulations
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Fig. 8: Oscillation frequency variation with process corners.
The desired frequency is 2 MHz. Using BO and B1, the desired
frequency is obtained with error 3% maximum.

The same procedure is repeated for different oscillation fre-
quencies 1 MHz and 4 MHz. Table IV shows a summary of the
specification for the different trimming circuits. The frequency
variations versus the process corners for the frequencies 1 MHz
and 4 MHz are shown in Figures 9 and 10, respectively.

Oscillation frequency 1 MHz 2 MHz 4 MHz
Error +3% +3% +3%

Trimming minimum current 17pA 35uA 35puA
Trimming maximum current 23uA ATpA ATuA
Trimming current step 2uA 4pA 4pA

Capacitor 3.78 pF 3.63 pF 1.63 pF

TABLE IV: Trimming circuits specifications for differ-
ent oscillation frequency

VI. CONCLUSION

A systematic design methodology for a triangular wave
generator has been proposed. The proposed methodology is
employing a sizing tool developed in LIP6-UPMC called
CHAMS. It is used to size the transistors of the comparator and
the trimming current sources and its switches. The trimming
circuit is designed for different oscillation frequencies (1 MHz,
2 MHz, and 4 MHz) with a maximum frequency variation of
+ 3% across nine process corners in CMOS 0.35 um.

The key advantage of the proposed methodology is the
flexibility in choosing the oscillation frequency and resizing
the trimming circuit with less design time. Moreover, the
proposed flow can be used for different technologies with
limited modifications.
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O Trimming bits B0 =0,B1 =0
O X Trimming bits BO=0,B1=1
> Trimming bits BO=1,B1=0
[J Trimming bits BO =1,B1 =1
0 O
s 4
X
X X
i o 0
§4.5— * 1
=) * X X
5 s * m] m]
S f  =412MHz
g max = 0 L o e e e e
8 4 3 % 1
& K 0 () U
f =3.88 MHz
min
X
o * ¥ O O
3.5 4
* @) 0
O
3 I | | I I | I | |
0 1 2 3 4 5 7 8 9 10
Corners

Fig. 10: Oscillation frequency variation with process corners.
The desired frequency is 4 MHz. Using BO and B1, the desired
frequency is obtained with error 3% maximum.

REFERENCES

[11 M. K. Kazimierczuk, Pulse-width modulated DC-DC power converters.
John Wiley & Sons, 2008.

[2] R. W. Erickson and D. Maksimovic, Fundamentals of power electronics.
Springer, 2001.

[3] R. Saleh, S. Wilton, S. Mirabbasi, A. Hu, M. Greenstreet, G. Lemieux,
P. Pande, C. Grecu, and A. Ivanov, “System-on-Chip: Reuse and
Integration,” Proceedings of the IEEE, vol. 94, no. 6, pp. 1050 —1069,
june 2006.

[4] J. Rabaey, F. De Bernardinis, A. Niknejad, B. Nikolic, and
A. Sangiovanni-Vincentelli, “Embedding Mixed-Signal Design in
Systems-on-Chip,” Proceedings of the IEEE, vol. 94, no. 6, pp. 1070—
1088, June 2006.

[S] T. Levi, N. Lewis, J. Tomas, and P. Fouillat, “IP-based Methodology



[6]

[7]

[8]

[9]

(10]

for Analog Design Flow: Application on Neuromorphic Engineering,”
in NEWCAS-TAISA Conference, june 2008, pp. 343 —346.

R. Iskander, M.-M. Louérat, and A. Kaiser, “Hierarchical sizing and
biasing of analog firm intellectual properties,” Integration, the VLSI
Journal, vol. 46, no. 2, pp. 172—188, 2013.

F. Javid, R. Iskander, M.-M. Louérat, and D. Dupuis, “Analog circuits
sizing using bipartite graphs,” in Circuits and Systems (MWSCAS), 2011
IEEE 54th International Midwest Symposium on. 1EEE, 2011, pp. 1-4.
F. Javid, S. Youssef, R. Iskander, and M.-M. Louérat, “A designer-

assisted analog synthesis flow,” in Analog/RF and Mixed-Signal Circuit
Systematic Design. Springer, 2013, pp. 123-148.

W. Liu, MOSFET Models for SPICE Simulation including BSIM3v3
and BSIM4. Wiley Interscience, 2001.

C. Enz, F. Krummenacher, and E. A. Vittoz, “An Analytical MOS
Transistor Model Valid in all Region of Operation and Dedicated
to Low-Voltage and Low-Current Applications,” Analog Integrated
Circuits and Signal Processing, Kluwer Academic Publishers, vol. 8,

(1]

[12]

[13]

pp. 83-114, Oct. 1995.

G. Gildenblat, X. Li, W. Wu, H. Wang, A. Jha, R. van Langevelde,
G. Smit, A. Scholten, and D. Klaassen, “PSP: An advanced surface
potential-based MOSFET model for circuit simulation,” IEEE Trans.
Electron Devices, vol. 53, no. 9, pp. 1979-1993, Sep. 2006.

F. Silveira, D. Flandre, and P. G. A. Jespers, “A gm/Ip based
methodology for the design of CMOS analog circuits and its application
to the synthesis of a silicon-on-insulator micropower OTA,” IEEE J. of
Solid-State Circuits, vol. 31, no. 9, pp. 1314-1319, Sep. 1996.

T. Massier, H. Graeb, and U. Schlichtmann, “Sizing Rules Method for
CMOS and Bipolar Analog Integrated Circuit Synthesis,” IEEE Trans.
Computer-Aided Design of Integrated Circuits and Systems, vol. 27,
no. 12, pp. 2209-2222, Dec. 2008.

comp

0O 0 066

comp Input Parameters (Pin=27)

K1 1O 1)

M1Instapce
BDIIOIC

OPVGD(VEG)

avy (vin) (w) (vo

DA /\

2Instange

Fig. 11: Bipartite DAG of the comparator provided by CHAMS




