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Behavioral Macromodels of Differential Drivers

I. 8. Stievano, C. Siviero, I. A. Maio, F. Canavero
Dip. Elettronica, Politecnico di Torino, Italy (igorstievano@polito.it)

Abstract

This paper addresses the development of behavioral macro-
models of differential drivers for the assessment of signal in-
tegrity and electromagnetic compatibility effects in high-speed
digital systems. The obtained macromodels are readily imple-
mented as SPICE-like subcircuts to be included in any circuit
simulation environment, Accuracy and efficiency of macro-
models are assessed by applying the proposed methodology to
actual ditterential devices.

1 INTRODUCTION

Low Voltage Differential Signaling (LVDS) is going to estab-
lish as the dominant standard for on-board and otf-board high-
performance data links {1, 2, 3]. It allows extremely high data
rates, on the order of one Gbps, along with reduced EMI effects
and reduced power absorption.

In order to simulate the operation of LVDS link for the as-
sessment of Signal Integrity (SI) and ElectroMagnetic Compat-
ibility (EMC) problems, suitable behavioral models {or macro-
models) of differential drivers and receivers are needed. To thus
aim, in this paper, we address the behavioral modeling of LVDS
differential driver output buffers. The proposed modeling pro-
cedure exploits piecewise madels and parametric relations in-
troduced in [4] for single-ended devices, and is demonstrated
by two modeling examples.

2 DEVICE AND MODEL STRUCTURE

The output buffers of LVDS drivers operate via current steer-
ing techniques, as shown in Fig. [. Two voitage controlled
current source devices are used to provide the current sent to
and drawn from resistor £, at receiver input terminals. When
swiiches 4 are closed, i, is positive, whereas when switches B
are closed 7, is negative and the voltage across receiver in-
put terminals changes polarity. In actual applications, output
buffers may contain matching resistors across the output ler-
minals and control subcircuits to ensurc proper output current
and voltage values over possible process, supply voliage and
temperature variations {e.g., see [9, 10, 11} for possible imple-
mentations of control circuits).

In fixed logic state, the tdeal LVDS output buffer of Fig. | can
be considered as a three-terminal circuit element characterized
by constitutive relations of the form (which we call submodels)

i = dg (o, v2) iy = (e, ) .

in = IZBH(Ul- iJQ) iy = j:’[.(”l- L'-:)
where H and L denote the HIGH and LOW logic state, respec-
tively, and the output currents are allowed to be functions of
both voltages to take into account variants of the buffer basic
scheme with internal resistor and control circuits. If useful, the
above constitutive relations can be expressed in terms of dif-
ferent variables obtained as linear combinations ot port volt-
ages vy and v2. A typical set of alternative variables are the
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Figure I: Generic structure of a LVDS driver and its relevant
electric variables.

commoen mode voltage v, = M and the differential volt-
age vy = (¢1 — va). A complete macromodel describing state
switching from steady state operation can be obtained by com-
bining in a two-piece model the constitutive relations (1) by
means of time-varying weighting coefficients

iy = wig ()i g (o, ve) F g (B (v, ) 7
v = wapr(t)iag (01 vs) + wap (Vios (1. v2) |
where w, g and w,r, n = 1,2 are the weighting coefficients
accounting for logic state transitions. Representation (2) ap-
proximates the external device behavior including the informa-
tion on state transitions without assumptions on the device in-
ternal structure. The problem is then to devise suitable relations
for the submodels of (1), to estimate their parameters and esti-
mate the weigthing coefficients of {2).
A straightforward approach is to represent iy and i, by
a sum of a static mapping and a (possibly nonlinear) relation
taking into account dynamic effects, as discussed in 4] for the
case of single-ended devices. As an example, for é.q (v, ua)
such a representation is
{ npler, o) =ty(mm)+hu(e e t) .
. . - (3)
b, va) = lag (v, va) + Fag (v, o0, t)

where 3,4 and i>g are the static characteristics of currents iy
and é» forthe driver forced in the fixed HIGH logic state and 7 g
and Zag are the dynamic submodels. Similar equations oceur
for iy (e va) of (2).

Owing to the well established theory of system identifica-
tion for approximating the nonlinear dynamic behavior of al-
most uny nonlinear dynamical system and the large availability
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of methods for estimating model parameters, model represen-
tations defined by nonlinear parametric relations can be effec-
tively used for the dynamic terms in (3). A complete review of
possible representation can be found in [6].

For those devices with dynamic behavior dominated by linear
capacitive effects, as in the example devices considered in the
paper, the dynamic terms in (3) can be replaced by linear para-
metric models involving the derivative of port voltages only,
and further simplified as follows.

= du divy—ra
g =-Ciggt — Cag—5—~ ) ()
g = +Can Y2 + Clag —d(uz,;”')

It is worth noting that the model representation defined by
equations (2-4) is reminiscent of models hased on simplified
equivalent circuits (e.g., see [12] and [5]). Such a representa-
tion, however, is more general and does not significantly af-
fect the complexity of the resulting macromodel. It approxi-
mates a port constitutive relation and includes both static and
dynamic coupling effects between the terminal variables with-
out any specific assumption on the internal structure of device.
Eguation 4, has been written in terms of the equivalent capaci-
tors C gy, Cag and Cay as unknown variables of a parametric
linear capacitive relation since this is the most common way for
representing such a kind of behavior and can be replaced by an
arbitrary nonlinear parametric model when this simplified as-
sumption is oot met.

Both the static mapping and the dynamic part can be esti-
mated from currents caused by suitable test sources connected
i driver output terminals, like in Fig. 2. The static mappings
easily arise from steady state current values, whereas the dy-
namic parts can be estimated from suitable transient responses
{e.g., those caused by large fast variations of sources of the es-
timation setup of Fig. 2). Of course, the terminal voltage vari-
ations applied by test sources should correspond to differential
and common mode voltage variations within limits specified by
the LVDS standard. Once suitable submodels are available for
terminal currents in fixed logic states, the weighting coefficients
ot single up (01) and down {10) state transitions (basic weight-
ing coetficients) can be obtained via linear inversion of (2} from
voltage and current waveforms recorded during such transition
evenis. Finally, for a specific logic activity of the device (e.g,, a
bit stream 01001101011 . . .), the weighting coefficients are
obtained by generating a sequence in time by juxtaposition of
the basic weighting coefficients of up and down transitions.

3 APPLICATION EXAMPLES

In this Section, the proposed modeling approach is demon-
strated on two differemt devices defined by detailed transistor-
level models, which are assumed as the reference models here-
after. All simulations are carried out by HSPICE and the ref-
crence models are used to compute the responses needed for
the estimation of macromodel parameters and for model valida-
tions. Both cxamples are addressed by the model representation
of (4) and the obtained modets are implemented as a SPICE-like
subcircuits by means of standard components.

Example 1 The first modeled device is the Fairchild FIN1001
(Vaa = 3.3.V) LVDS High Speed Differential Driver, whose
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Figure 2; Common setup for both the estimation of the static
characteristics and the dynamic behavior of the LVDS device
of Fig. t inthe HIGH logic state.

HSPICE encrypted transistor-level model is availabie from the
official website www . fairchildsemi.com. This device
bahaves like a plain differential driver (see Fig. 1) without in-
ternal matching resistors or control mechanisms.

For the macromodel estimation, both the static and the dy-
namic parts of (4) are computed through the procedure dis-
cussed in the previous Section. As an example, Fig. 3 shows
the static characteristic &; (21, v2). In order to facilitare the
model implementation, the static characteristics #y gy and o4,
that are known as sets of sampled DC curves, are approximated
by suitable analytical expressions (i e., sigmoidal expansions in
this case [6, 7, 8]).

The estimation of the dynamic contribution is carried
out by recasting 4 as a linear least square problem for
{C1a,Co Crzu b and {C1p, Cap,Crayp }. This is achieved
by recording the device responses i;(#) and i»{t) while the
driver is forced in the HIGH or LOW logic state and the ter-
minals are connected to noise voltage sources as in Fig. 2. In
this example, independent gaussian noise sources with mean
value equal to the nominal common mode voltage (e.g., 1.25 V)
and small/amplitude standard deviation (¢.g.. 10 mV) are used.
In addition, the linearity of the dynamic contribution has been
verified by applying noisy signals with amplitude on the order
of the full voltage swing of 350 mV specified by the LVDS
standard. The values estimated for the coefficients of the dy-
namic part are {ClH.C'jH, Ciay} = {1.65.1.66,0.125} pF
and {GlL,C"]L, C'I'JL} = {1.(5(5. ]_f)20109} pF. The weight-
ing coeflicients are computed as described in the previous Sec-
tion, by means of switching experiments while the device is
connected to a 100 2 differential load resistor.

In order to validate the macromodel, two different simulation
test cases are considered. The first test circuit is composed of
the modeled device driving a 50 2 differential resistor with a
legic HIGH pulse. For this test case, Fig. 4 shows the refer-
ence and macromodel responses of the output terminal voltages
v1(t), v2(t) and of the differential voltage v (¢).

The second test circuit is composed of the modeled de-

Page 132



Figure 3. Static characteristic 4 5 (v, v2) for the Example |
driver forced in the HIGH logic state,

0.2
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Figure 4: Output port voitages ¢ (¢), v2(#) (top panel) and dif-
ferential voltage vq(#) (bottom panel) computed for the first test
circuit of Example 1 (see text). Solid line: reference, dashed
line: macromodel.

vice driving a coupled transmission line (differential mode
impedance Z, = 50 {2, common mode impedance 2, = 10012,
line length 6.15 m) loaded by a 100 (2 ditferential resistor with
a logic HIGH pulse. For this test case, Fig. 5 shows the refer-
ence and macromoded responses of the output terminal voltages
vy (t), va(t) and of the difterential voltage vq{t).

The accuracy of the proposed macromodel has been guan-
tified by computing the timing error and the maximum relative
voltage error. The timing erroris defined as the maximum delay
between the reference and the macromodel differential voltage
responscs measured for the zero voltage crossing. For the two
test cases illustrated in Figs. 4 and 5, the maximum timing error
is 15 ps. The maximum relative voltage erroris computed as the
maximum ¢rror between the reference and macromodel voltage
responses divided by the nominal voltage swing of 350 mV. For
the previous validation ¢ases, the maximum relative error turns
out to be 5.4%.

Finally, macromodel efficiency is asscssed by the CPU-time
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Figure 5: Output port volltages v; (&), va(t) (top panel) and dif-
ferential voltage vy(¢) (bottom panel} computed for the sec-
ond test circuit of Example 1 (see text). Solid line: reference,
dashed line: macromodel.

Table 1: CPU time and memory usage for the computation of
the curves of Fig. 4 by means of HSPICE.

|_Model

l reterence
! macromodel

| CPU time | Memory |
10.70 sec | 1430Kb |
2.35 sec 400kb |

and memory usage required for circuit simulations. For the
example device of this Section, Tab. | collects the figures of
the efficiency comparison between the reference transistor-level
model and the macromode! for the computation of the curves of
Fig. 4.

Vi

Mirror stages
driving MD

Mirror stages
driving MU

t1

Figure 6: Control circuit for the example driver 2.

Example 2 The second madeled device is an idealized imple-
mentation of the differential driver proposed in [9], that exploits
a control mechanism to reduce the tluctuations of the common
mode voltage ., around a reference voltage (e.g.. 1.25 V), Here,
the mechanism is implemented by the differential ampiifier and
current mirrors of Fig. 6, regulating the drain currents of MU
and MD of Fig. |. The probe voltage V), is obiained by a high re-
sistance (R = 100k} voltage divider connected to the output
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terminals of Fig. 1. In this paper, Both the output stage of Fig. 1
and the control circuit of Fig. 6 are implemented in HSPICE
and used as the reference model for Example 2.

Figure 7 shows the static characteristic ¢y g {2, va) (versus
voltages v, and vy) for this device. According to the purpose
of the control circuit, the variations of this characteristic versus
v, is dominant, and, since v, = (v1 -+ va)/2, the usual simpli-
fieation 21 g (7,42 ) = iy (v1) does not hold. The coefficients
of the linear pan are estimated as in Example 1 and their values
are {CIH , C'QH, Cle} = {0.563, 0.563, 0063} pF.

Figure 7: Static characteristic iy (v, L'-g) for the Example 2
driver forced in the HIGH logic state.

The validation test for this example is devised to highlight the
differences introduced by the control mechanism and to assess
the accuracy of the proposed model even for devices with en-
hanced features. The test circuit consists of the example driver
forced in HIGH state and connected to a differential load com-
posed of a 10012 resistor in series with an independent voltage
source. The voltage source produces a pulse with 0.5V ampli-
tude and 100 ps transitions. The common mode voltage v.. and
load current waveforms predicted by using the reference and
the estimated models in such a test circuit are shown in Fig. 8.
The good agreement of the curves confirms the ability of model
{4} to describe differential drivers with control mechanism and
highlights the importance of taking into account the dependence
of the modeled currents on both output voltages.
Acknowledgements
This work was supported in part by the Italian Ministry of University
{MIUR} under a Program for the Development of Research of National
Interest (PRIN grant #2002093437) and by CERCOM, Center for Mul-
timedia Radio Communications of the Electronics Dept. Politecmico di
Torino.

References

1] C. Bloomingdale, G. Hendrickson. “LVDS Data Outputs for
High-Speed Analog-to-Digital Converters,” Analog Devices tech-
nical paper. 2001.

[2) ANSUTIA/CIA-644. Electrical Characteristics of Low Low Volr-
age Differential Signaling (LVDS) Lnterfuce Circuits, Mar. 1996.

[3] IEEE std 1596.3-1996, IEEE Standurd for Low Low Voltage Dif-
Jerential Signals (LVDS) for Scaluble Coherent Interfuce (SCI),
Mar. 1996.

SP1 2004

cwitent mA

0.8 1 1.2 1.4 1.6 1.3 2

Figure 8: Load current (top panel) and common mode voltage
v.(t) {bottom panel) computed for the test circuit of Example 2
(see text). Solid line: reference, dashed line: macromodel.

[4] L. S. Stievano, F. G. Canavero. [. A. Maio. “On the Behavioral
Modeling of Integrated Circnit Owpur Buffers,” Proc. of 12%
[EEE Topical Meeting on Electrical Performance of Electronic
Packaging, EPEF, Princeton, NI, pp. 281-284, Oct. 27-29, 2003.

[5] A.Muranyi, “Introduction to IBIS models and [BIS model mak-

ing,” Folsom. CA, Nov, 3-4, 2003, (Intel course available at

litp:/rwww.eda.org/pub/ibis/traimng/).

J. Sjoberg et al.. “Nonlinear black-box modeling in system iden-

tification: a unified overview,” Awmtomaticu, Vol. 31, No. 12,

pp. 1691-1724, 1995,

[7] M. T. Hagan, M. Menhaj. “Training feedforward networks with
the marquardt algorithm,” [EEE Transactions on Newral Net-
works, Yol. §, N. 6, pp. 989-993, Nov. 1994,

18] D. Nguyen, B. Widrow, “Improving the learning speed of 2-
layer neural networks by choesing initial values of the adaptive
weights,” Proc. of the fmternational Joint Conference on Neural
Nenwvorks (IJCNN), San Diego, CA, USA, pp. 21-26, Jun. 17-21.
1990,

[91 A. Boni, A. Pierazzi, D. Vecchi. “I.VDS /O Interface for Gb/s-
per-Pin Operation in 0.35 pm CMOS.” IEEE Jouwrnal of Solid-
State Circuits, VOL. 36, NO. 4, Apr. 2001.

[10] B. Young, “An SOI CMOS LVDS driver and receiver pair.” Proc.
ot the 2001 Symposium on VLSI Circuits, Kyoto, Japan. pp. 153-
134 Jun. 14-16, 2001

f11] T. Gabara, W. Fischer, W. Werner, 5. Siegel. M. Kothandaraman.,
P. Metz, D). Gradl, “LVDS {/0 butters with a controlled reference
cireuit.” Proc. of the Tenth Aunual IEEE International ASIC Con-
Sference und Exhibit. Portland, OR, USA, pp. 311-315, Sep. 7-10,
1997.

[12] KO Buffer Informution Specification (IBIS) Ver. 4.0, ou the web at
http://www.eigroup.org/ibis/ibis. htm Jul. 2002.

[13] H. Hegazy, M. Korany, “1BIS Modeling of LVDS Buffers,” Men-
tor Graphics technical paper, Nov. 2002.

[6

—

Page 134



