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Abstract: In this paper the effects of substrate coupling on analaguits in a mixed-signal chip are described and analyzeddbase
on simulated results. Substrate coupling is a major chgdldar mixed-signal design. To analyse the substrate aogiplith digital
circuits and analog circuit simulation accurate substratelel is important in the modern mixed-signal IC design. ¢ higher
operating frequency the capacitive effect in substratemmes important and the substrate impedances become fsguependent in
lightly doped substrate. To balance this, heavily dopedtate is used for the analysis and assumed as resistivenkeffihe noise
coupling is demonstrated by simulation on 0 4® heavily doped CMOS process.

Keywords: Substrate coupling, substrate noise, mixed signal desigput power spectral density.

1 Introduction circuit becomes complex and faster the substrate noise
produced by the digital circuits become larger, which
ultimately degrades the performance of analog circuits
towards one of the major problems in Iarge—scaleintegr?‘ted on the same die. \/arious SL_Jbstrate modeling
integration of digital and analog circuits onto a single (€chniques and substrate noise techniques such as the
chip is substrate noise generation and substrate couplin%uarOI rngs. or the deep trench !solat|on are already
roposed in past researched. [To simulate the analog

Digital circuits of is most noisy part of the & " d dict th bstrat ) h .
System-on-Chip, which is responsible for the generation®'"cUlt and predict the substrale noise, the main

of noise. The noise generated by the digital circuit "€duirement is accurate modeling of the substrate.
couples into the sensitive analog and RF circuits through

the common substrate. This substrate noise generated bfhe heavily doped substrate behavior at different
the digital circuit drastically degrades the performante o frequency range changes, so to simulate the analog circuit
the analog circuit I]. Some previous research mainly and model the substrate, a frequency range of interest is
focused on the sources of substrate noise and substratequired. The substrate coupling through common
noise generation mechanisi, 4,5,6], which are many substrate is seen as resistive at frequency of below GHz
and complex, and studies have depicted the propagatioftequency 1], and can be modeled as a pure resistive
and effects of substrate noise on analog circuitnetwork with multiple ports. If the operating frequency
performance$, 6]. will increase capacitive effect starts arising on the
The System-on-Chip has noticeable advantages, busubstrate and the impedance of the substrate will become
substrate noise coupling becomes very important forfrequency dependent because of the variation
mixed-signal designsl]. The activity of digital switching  conductivities of different doping layers. Moreover in the
is produced a pulse shaped current waveform across thieeavily doped substrate, because of the inductive effect
power supply lines, this waveform becomes sharper as théhe skin effect will be also an issue in the desigh |n
technology speed increases and as the number of gatesder to simplify the substrate modeling, the skin effect
increases the amplitude become larger. As the digitaBnd the capacitive effect has been separated in this paper.

Advancement in process technology scaling leading
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Fig. 1. Representation of Noisy digital section and sensitive
analog section integrated on common substrate with séparat

ofd
Fig. 2: Substrate profile of heavily doped substrate

A model representation is shown in the Fig. 1; both the -

digital and analog circuits are integrated on the commorP€ treated as a lumped resistive netwodk8]. The
heavily doped substrate. The direction of the noise’®SiStance between the source contact and sensor contact
propagation is shown from the digital circuit to analog 0 the bulk areRy;(Gia=1/Ry1) and Ry (G1g=1/Rz2)
circuit, and the circuits are integrated at a distance d. ThéeSPectively, and the resistance for the cross coupling is
digital and analog circuits are assumed as two contact§ePresented bii»(G,=1/R;2). As the separation between
separated by a certain distance on the substrate in fig. 2. (e contacts increases the value of Rewill increases,
This paper is organized as follows. Section Il described-€- for small separation the value Bf will be small.

the modeling of the heavily doped substrate and”? orQerto obtain a Y-parameter matrix for the equaleqt
equivalent electrical representation. In Section I, ¢ircuit of the heavily doped substrate, an ac voltage is
explains the system used in the simulation on the basis oftPpPlied at one port and the currents are measured with
the substrate model. In Section IV, the simulation resultsCther port connected to ground. Assume that sizes and
and the discussion of the results are presented an@hapes of the contacts are the same, then it gives=G

followed by the conclusion in the Section V. Gz2 = Gy2. The following two-port Y-parameters for the
substrate macromodel is shown:
_ |Yyuyiz| _ |G+ G -G Q)
Y21 Y22 -Gy Gi+ G

2 Substrate Modeling In order to determine G1 and G2, a Z-parameter matrix is

used, and it gives:

The substrate with heavy doping is shown in fig. 2, and 77 1 Git G G
consists of three distinct layers: a heavily doped channef = [le 212} =Yl 5 —— [Gl 2 G +ZG ]
stop implant, a lightly doped epitaxial (epi) layer, and a 21 e22 GI+2G1G2 |2 12

heavily doped bulk3]. The width of the different region (ii)

of substrate profile and resistivity is given. The backplane ot 5 — (G12 + 2G1G2) be the determinant of the
of the substrate region is having width and length of y_harameter matrix. z is a constanf because it is the
800um and the backplane is grounded. For the analysi§ynedance of contact one to the substrate, with all other

purpose, two contacts, each contact having the width andyntaets flowing. Thus, the constafitcan be extracted
length of 1Qum and thickness of 0.2&m with a  fom simulations. This gives

separation of 6Qum is place on the top of the substrate. G1+G 1

Th?ase two congcts arpe modeling thepdigital and analod®* — G%J:-ZGEGZ =¢ => Gi+26:G—(Ga+
circuits of the mixed signal system. The main motive of G2) = O (iii)

this substrate modeling is to analyze the coupling betweerRearranging the above equation,

the contacts on the different frequency of operation, and 1 1

can be use in the analog circuit simulation and substrate - L 202

noise estimation for the mixed signal design. Gilx) = 2¢ Ga) + 2¢ 1+48°G3(3))

In Fig. 2, the cross section of a typical heavily doped

substrate is shown. The digital circuit is represented as (i)

source contact and analog circuit is represented as senswtere G1 and G2 can be determined from simulators and
contact. The coupling between the source and sensoneasurements, and they are dependent of the separations
contact can be determine by using device simulator. Théetween the source and sensors. Based on the linear
macro model of the contacts for the heavily dopeddependence on the semi-plot of G2, it provides a
substrate and the equivalent circuit is given in fig.3. Forrelationship between G2 and the separation d.

frequencies up to Gigahertz and below, the substrate can Gy(x) = ae P9 (v)
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Table 1: substrate resistance for heavily doped substrate Vo i
Separation R11 Q) R22 @) R12 Q) Ti T
(um) —
15 392 390 960 | . .
30 310 310 338K S v = 3 k
90 305 305 2.58M = =
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Fig. 4: Circuit representation of contact to analyze substrate

Back Plise coupling

Fig. 3: Substrate resistive macromodel for the heavily doped
susbtrate
work is scalable with contact separations. The lumped
resistive model for to contacts and to contacts is shown in
Fig. 3. Typical values of th&; 1, Rj» andRy; are function
wherea andf are constants determined from simulations of spacing between the contacts and the values are given
and measured data. for the Q18um technology is given in the table |. the
Consequently, there are only two contact points required tovalues of the resistors are not depending upon the size of
obtain relatively accurate results, so the accuraay ahd  the contacts. Both Rj;  and Rppresistances are
B can be improved with more data and a nonlinear leastapproximately constant and independent of the separation
square fit. The main shortcoming of this method is that itfor the same size of the contacts. For a larger separation
can only be used on the heavily doped substrate. Moreovehetween the digital and analog contacts the value gfs
the operating frequency must be below GHz because th&ery high.
substrate can only be modeled as the equivalent circuit as
illustrated in Fig. 3.
Practically the contact may be different shape and size ir8 Systems and Simulation
design of integrated circuit. To extracting the substrate
resistance scalable model with the separation isTo demonstrate the substrate coupling in a practical
important. The variation of resistance between thecircuit, the contacts discuss in previous section now
contacts, between the contact and backplane with thémplemented as two different circuits connected with
separation of contact can be determined by theresistive network. The two circuits acts as two different
simulation. Resistor values for two identical contacts atcontacts and the connecting resistive network is as pure
various separations in a heavily doped substrate is givefesistive substrate network. The circuit representation t
in table-l. If the contacts are same in size then theanalyze the substrate coupling is shown in Fig.4.
resistance between the contact and backplane for botifhe substrate coupling is analyzed with a CMOS inverter
contacts will be almost equal. connected with saturated load n-MOS inverting amplifier
R11=R22 (Vi) through a resistive network, design with 0.18 m
If the separation between the contacts is increasing théechnology. The separation between the CMOS inverter
resistance between the contacts will increase. At the largand the saturated load inverter is kept fix. The substrate
separation the resistance value will be very large in orderesistive
of MQ and the current generated by the noise source willmodel is derived for the two amplifiers. The value of the
flow in to the substrate through the resistance between theesistances is obtained by thmeport impedance matrix,
contact and backplane, if the backplane if not groundedconstructed from two port impedance matrix. The circuit
This current again back to the analog circuits and degradeepresentation of the setup used is shown in Fig. 4
the performance of the same. At large separation betweewhereas the resulting resistive substrate coupling nétwor
the digital and analog circuit about 9dm results only a  is shown in Fig. 5. In the circuit of Fig. 43, andC, are
negligible improvement in the substrate coupling. the n-well-substrate capacitances that are not included in
The substrate is modeled by a two-port lumped resistorcircuit simulation.
network and it is valid for frequencies below Gigahertz The resistors in resistive network in fig. 5, resist®s,
frequency. The substrate coupling model used in thisRi3, Ris, Re3, Ros, and Ry represent the resistances
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Table 2: COMPARISON BETWEEN DIFFERENT SUBSTRATE MODELING TECHNIQU

Techniques | Accuracy Difficulty Simulation| Generality| Assumption
Time made
Finite Good Hard Long lightly consisting of
Difference | depends large mesh| huge and purely resistive
Method highly matrix size | matrix heavily mesh
on the sparse doped
resolution size substrate
of
discretization
Boundary Excellent Hard Quite lightly constant current
Element within cumbersome Long and density across a
Method 10% of | mathematics DCT can | heavily port
the actual be used| doped
answer as an| substrate
efficient
solver.
Resistive Good Simple Short heavily treated as 4
Macromodels improved only 3 doped resistive network
Method by  more| parameters substrate | for low frequency
inputdata | (a, B, &)
required
Al
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= Fig. 6: Simulated substrate noise waveform at the output of the
amplifier.

iiu.“-...m %;:uﬂ ?;;rl.x':h ?-mu:--

Fig. 5: Resultant substrate network for the prediction of substrat
coupling

harmonics of sinusoidal lie in the range of the pulse
frequency in output spectrum. The pMOS transistor was
chosen to be approximately twice as big as the nMOS
transistor for 0.18m technology.

between contacts while resistoRs;, Roo, Rz, and Ris

represent the resistances between the contacts and the ) .

back plane. The separations between the contacts a® Results Discussion

important for the calculation of the value of resistances

and are calculated by the layout design rules andA time domain simulation is done for the circuit, and

transistor size. Since noise coupling through the sulestratsubstrate noise waveform is shown in fig. 6 at the output

is important so the power supply inductances are noof the saturated load inverting amplifier.

considered in the simulation. The output power spectral density of the saturated
To analyze the substrate coupling between the circuitdoad inverting amplifier is shown in fig. 7, when no input

in fig. 4, a square pulse of frequency 25 MHz is applied tois applied to the CMOS inverter (no digital block). When

the CMOS inverter and a sinusoidal signal input of no pulse input is applied to the CMOS inverter and the

frequency 10 MHz is applied to the saturated loadseparation between the circuits is the order ofutf) no

inverting amplifier. The pulse frequency is chosen enouglcoupling is seen in the output power spectral density at

larger than frequency of sinusoidal signal, that nothe output of the amplifier output. When no input is
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Fig. 7: Output power spectral density at the output of the
amplifier at 10 MHz with no input at digital CMOS
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Fig. 8: Output power spectral density at the output of the
amplifier at 10 MHz with input at digital CMOS of frequency
25MHz

applied to the digital CMOS inverter only a peak at 10
MHz is appeared in output power spectral density, which
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Fig. 9: Output power spectral density at the output of the
amplifier at 10 MHz with input at digital CMOS of frequency
25MHz (when separation is 90m)

4B, =1

The same circuit is simulated with the increased circuit
separation of the order of @@n, as the separation
between the amplifiers and increased touff a
significant attenuation is shown by the amplifier output at
25 MHz in the output power spectral density. Which is
depicting that isolation between the circuits is increased
shown in fig 9.

5 Conclusions

The substrate noise coupling is analyzed and simulated
using the 0.18:m technology up to Gigahertz frequency
or lower using the scalable model of substrate with
separation between the digital and analog circuits for
heavily doped substrate. The effect of substrate noise
coupling on analog circuit, in presence of digital circsit i
discussed at different separation between the circuits. At
lower separation the substrate coupling is dominating the
performance of the analog circuit but at larger separation
isolation is increased between the contacts and the
substrate coupling is not prominent. As the separation is

is due to the input and some harmonics resulting from théincreasing after this point, it will not having significant

amplifier design.
When the digital CMOS inverter is place nearby and a
square pulse of frequency 25 MHz is applied to it, then in

impact on the substrate coupling.

this case amplifier shows two peaks at output. One at thdReferences
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