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ABSTRACT

Crosstalk from digita to analog in mixed-signa ICs is recognized as one of the major roadblocks for systems-on-chip
(SoC) in future CMOS technologies. This crosstalk mainly happens via the semiconducting silicon substrate, which is
usually treated as a ground node by analog and RF designers. The substrate noise coupling problem leads more and
more to malfunctioning or extra design iterations. One of the reasons is that the phenomenon of substrate noise coupling
is difficult to model and hence difficult to understand. It can be caused by the switching of thousands or millions of
gates and depends on layout details. From the generation side (the digital domain), coping with the large amount of
noise generators can be solved by macromodeing. On the other hand, the impact of substrate noise on the anaog
circuits requires careful modeling at the level of transistors and parasitics of layout, power supply, package, PCB, ...
Comparison to measurements of macromodeling at the digital side and careful modeing at the analog side, shows that
both the generation and the impact of substrate noise can be predicted with an accuracy of a few dB. In addition, this
combination of macromodeling at the digital side and careful modeling at the anal og side leads to an understanding of
the problem, which can be used for digital low-noise design techniques to minimize the generation of noise, and
substrate noise immune design of analog/RF circuits.
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1. INTRODUCTION
CMOS technologies are subject to scaling. This is the fulfillment of Moore's law and the schedule of the
implementation of this law is fixed in the International Technology Roadmap (ITRS) for semiconductors [1].
Downscaling leads to a speed increase for digital circuits, together with areduction of size and energy consumption per
operation. Although downscaling is accompanied with a degradation of analog performance parameters such as
matching, 1/f noise, intrinsic gain, it also brings about an improvement of the performance of anal og/RF circuits or, for
a given set of specifications, a decrease of the power consumption. These improvements with downscaling for
analog/RF are evidenced by the growing number of products that contain anadlog and RF functions, implemented
entirely in CMOS [2][3].
For economical reasons, a single-chip implementation of mixed-signal systems such as wireless systems' is preferred
over multi-chip solutions. Since scaling reduces the area and energy consumption per gate to ever decreasing quantities,
it will give birth to mixed-signa systems where the number of anal og components will shrink in favor of an increase of
the digital circuitry: severa functionsthat were traditionally reserved for analog circuits, are being taken over by digita
circuitry. Moreover, analog impairments are being more and more compensated with digital signa processing
techniques (e.g. caibration techniques, offset compensation, ...). However, the remaining analog circuits will suffer
from the effect of the switching activity of the digital circuitry. This switching causes a noisy signal that enters the
substrate, which is common to the analog and digital part of the IC. Substrate noise causes a decrease of the signal-to-
noise ratio for the analog circuits. Since it is a problem that is difficult to understand and to modd, it may cause
mal functioning and extra design iterations.
The crosstalk problem of substrate noise is recognized in the ITRS roadmap as one of the most difficult challenges for
scal ed technol ogies. We illustrate the problem with two examples: the substrate noise generated by a 220 kgates digita
circuit implemented in a 0.35 um CMOS technology [4] and the output of a 3.5 GHz voltage-controlled oscillator
(VCO), designed in a0.18 pm CMOS process, in the presence of a disturbance in the substrate [5].

L A single-chip system is often a subsystem of a complete system: the latter contains acrystal, RF filters, power devices,
antenna switch, ...
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Figure 1: simplified cross-section of a digitadl CMOS inverter, realized in two substrate types: (left) a highly doped, low-ohmic
substrate (resistivity well below 1 Q.cm) with alowly doped epitaxial layer on top; (right) a high-ohmic substrate (resistivity in the
order of 10 Q.cm). The latter is mostly used nowadays.

The 0.35 um CMOS 220 kgates design has been realized on a highly doped, low-ohmic substrate (Figure 1 |&ft). The
operation of this circuit generates switching noise which, depending on the clock frequency, can rise up to 340 mV
peak-to-peak, as evidenced by the measurements shown in Figure 2. To have an idea about the consequences of such
substrate noise disturbance, consider a 10 bit analog-to-digital that would be put on the same chip. If a full-scale signd
for this converter corresponds to a peak-to-peak voltage of 1.3 V, then a suppression of well below 48 dB is required for
the generated noise signa if one wants to prevent the substrate noise aversdy affecting the dynamic range of the
converter. An important challenge during the design of the digitd part of an IC isto predict the amount of generated

substrate noise, such that a specification can be set on the suppression of this noise.
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Figure 2: substrate noise generated by a 0.35 um CMOS 220 kgates digital circuit. Left: peak voltage of the substrate noise as a
function of clock frequency. Right: RMS voltage of the substrate noise as afunction of clock frequency.

As a second example, we consider the measured response of a 3.5 GHz 0.18 um CMOS voltage-controlled oscillator
(VCO) in the presence of a disturbance in the substrate, which is high-ohmic in this case (Figure 1 right). When a
disturbing 10 MHz signal is present in the substrate (Figure 3 left), this can enter the circuit via different ways. One of
these is the parasitic resistance of the ground lines (Zeyp in Figure 3), that are connected to the substrate via many
contacts. Once the disturbance is present in the circuit, it will affect the circuit. For the VCO, this occurs as sidebands at
a frequency offset of £10 MHz from the carrier (see Figure 3 right). The chdlenge in the design of an ana og/RF circuit

2 Proc. of SPIE Vol. 5837



is to predict how a given substrate noise disturbance affects the operation of this circuit, hereby taking into account
parasitics such as ground line resistance and couplings from the substrate to active and passive components in the
circuit.
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Figure 3: (left) schematic of a 0.18 um CMOS 3.5 GHz VCO in the presence of a disturbance in the substrate (simply modeled with
Inoise @Nd Rgyp); (right) measured spectrum at the output of this VCO when a signal at a frequency of 10 MHz is entered into the
substrate.

The problem of substrate noise coupling is a very complicated one: it iscaused by a multitude of switching digital gates,
while the way in which it affects the analog/RF circuitry, the so-called impact, is caused by layout details. Therefore,
this problemis best split into three different parts: generation of the substrate noise, propagation through the substrate
and impact onto the anal og/RF circuits.

First, thereis the aspect of the noise generation in the digital circuitry. Aswill be discussed below, a prediction of the
amount of generated noise with reasonabl e accuracy requires macromodeling a a higher level than the transistor level,
since adetailed circuit-level simulation of the noise generation is only feasible in areasonable time for very small
designs, with a gate count bel ow 1,000. Such macromodeling requires a good understanding of the different generation
mechanisms of substrate noise. These mechanisms are discussed in Section 2. In combination with amode for the
assembly parasitics, substrate noise generation macromodels can predict substrate noisein digital circuits of realistic
size with accuracies of about 20 % compared to measurements, as will be discussed in Section 3. Onceit is possible to
predict the generated noise, different design techniques at the digital side can be eval uated to lower the amount of
generated noise. A few of these design techniques are discussed in Section 4.

Next, there isthe propagation of the noise through the substrate. To modd this, there exist severa programs [6][7][8]
that generate athreedimensiond resistive or RC network for the substrate. In low-ohmic substrates, which are common
for technology generations of 0.35 um and above, the substrate is often simplified to one single node (see Figure 1 | eft).
Such simplification cannot be made for high-ohmic substrates (see Figure 1 right), which attenuate more than low-
ohmic ones. High-ohmic substrates are more used nowadays than |ow-ohmi c ones.

Finally, there isthe aspect of impact of substrate noise on analog and RF circuits. Here, a careful modeling of the
assembly characteristics, layout details, ... is required to bring simulations and measurements in agreement. As will be
shown in Section 5, substrate noise often impacts the ana og circuits via different ways. If these are not well model ed,
then it is not clear during circuit design how thisimpact can be suppressed.

2. SUBSTRATE NOISE GENERATION MECHANISM S
There exist three mechanisms that generate substrate noise [9]. The first mechanism is caused by impact ionization: hot
electrons that travel from source to drain in a switching n-MOS transistor create hole-electron pairs. The resulting hole
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current flows into the substrate. The second mechanism is the current injected into the bulk of atransistor viaits drain-
bulk or source-bulk junctions when the voltage at the drain/source switches. It can be shown [9] that in nowadays and
future CMOS technologies (with a high-ohmic substrate) these two mechanisms are negligible compared to the third
mechanism, which is bounce on the digita supply linesthat is injected into the substrate via many ground contacts.
Theinjection of digital ground bounceinto the substrate can be understood using the equivaent circuit (see Figure 4) of
adigita circuit where aswitching event occurs. When the output of the switching gate goes fromalogical 1toalogicd
0, then the capacitance C,4 between the output of that gate and ground is discharged while the capacitance C,, between
the output and Vpp is charged. This causes asupply current to flow.

P o Voo Vof0) .
Cop=AC,
CD External 1
- supp|y ——Cd+(1'A)CC Output
L R Non-switching gircuit Cc =AC
PN W on-switching c.|rcw S \ T Coo .
Vg HAvg(1) Switching circuits

Figure 4: generation of bounce onthedigital supply lines due to switching of a part of the digital circuit.

Inlarge digitd circuits, high peaks of the supply current create power-supply-line noise in the supply network due to the
RLC network formed by the chip capacitance C. and the decoupling capacitance Cy between Vpp and Vss, the package
inductance L, of the power and ground connections, and the series resistance R, in these connections. In a p-type
substrate this supply noise couples capacitively into the substrate from Vpp via the n-well junction capacitance, and
resistively from Vss via the substrate contacts. The circuit capacitance C. can be divided in two parts: a switching and a
non-switching one: AC; is the switching portion of this capacitance where A is the switching activity factor of the
circuit, which is typically between 0.05 and 0.30 for telecommunication circuits. AVpp(t) and AV(t) are the noise on
the supply and the ground, respectively. We define t. as the total duration of the current charging the switching
capacitance.

In digital circuits of realistic size, the non-switching circuits and decoupling provide most of the current required by the
switching circuits. In that case, one finds for the maximum value of the ground noise, which is obtained at t = t./2:

1AV,,.C
AV (t=t /2)==—Pbb~c 1
SS( c ) 2 Cd +CC ( )
This noise isinjected into the substrate and can propagate to the ana og circuitry.
Equation (1) suggests that a smaler ratio of the switching capacitance to the non-switching capacitance in large digitd
circuits is useful for noise reduction. Further, reducing the inductance will not reduce the peak vaue of the
power-supply-noise.

3. MACROMODELING OF THE GENERATION OF SUBSTRATE NOISE

A circuit-level smulétion of the generation of substrate noise would require a transient simulation (e.g. with SPICE or
SPECTRE) of the digital circuit extended with a model for the substrate. Such simulations can only be performed in a
reasonable CPU time for digital circuitsof very limited size (< 1,000 gates).

To tackle the complexity of the generation problem, different strategies have been presented [10-15] to model the
generation of substrate noise at the gate level. Theideais as follows: a gate or standard cell is modeled by one or more
current sources and some passi ve components. The current sources model (one of) the generation mechanisms that have
been described in Section 2. The passive components are usudly linear, and they model the circuit capacitance between
the digital Vpp and ground, the n-well capacitances, resistances of the epi-layer underneath a standard cell for alow-
ohmic substrate, ....

For example, the approach of [15] uses a macromodeling approach to deal with standard cell designs in high-ohmic
substrates, as an extension of the modeling with low-ohmic, epi-type substrates [14]. In high-ohmic substrates, only the
digital ground bounce needs to be taken into account as substrate noise generation mechanism, as mentioned in
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Section 2. This ground bounce is caused by the supply current, which is modeled for each standard cell by a current
source between Vpp and Vss. The model is completed with an admittance in parallel with the current source. This
source is only active when the standard cell is switching. In standard cell designs, the cells are usualy placed into
different a few power domains, i.e. collections of cells that are connected to one single Vpp and Vss. To macromodd
each power domain, the model of each standard cell of a domain is connected to the same Vpp and Vss, which in turn
are connected to a package model that includes bondwire inductances and damping resistances. This mode (see Figure
5) iscompleted with a substrate mesh connecting the on-chip power grid to the substrate.

Vss Rb Lb Power Lb Rb  vdd
— VN oS YN } Supply
standard
standard Ce”_l\/dd
standard cell-2 1

cell-l Standard
Cells

} Substrate

Figure 5: Macromodel of a power domain in standard cell-based digital circuit. This model is used for simulating substrate noise
generation in high-ohmic substrates with the approach of [15].

In high-ohmic substrates the injection of current into the substrate undernesth a digital gate can be neglected. One only
has to take into account the bounce on the supply lines caused by the switching of a standard cell. This bounceis not
zero due to theimpedance of the assembly parasitics, which are modeled as well.

A computation of the generation of substrate noise then proceeds as follows (see Figure 6): prior to smulation a
macromodel is constructed for every standard cell of thelibrary.
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Figure 6: Substrate noise generation analysis flow. First, agate-level simulation is performed. This determines for every standard cell
themoments at which it is switching. At these moments, the current source of the macromodel of the standard cell is active. Next, this

information is used in a time-domain simulation which comprises the standard cell macromodels as well as a model for the substrate
and the package.
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This modeling step only needs to be done once. Layout variations, which lead to different capacitances of the
interconnections between the standard cells, are added afterwards for the circuit under consideration. Next, a gate-level
simulation is performed. This gives for each standard cell the exact moment at which it isswitching. Finally, atime-
domain simulation is performed, where the sandard cell models are combined with a substrate model and a package
model. This simulation yields the waveforms of the substrate noise.

The accuracy of this approach has been verified with measurements on a40K gates telecom circuit (circuit L1 in Figure
7), fabricated in a0.18 um CMOS process on a high-ohmic substrate with 18 Qcm resistivity. It contains a 20-bit

maxi mum-length-sequence Pseudo-Random-Binary-Sequencer (PRBS) circuit driving two cascaded sets of the IQ
modul ator and demodul ator chains.
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Figure 7: (Ieft) Microphotograph of the test circuit (L1), 40K gates telecom circuit and the analog victim with the sense node in
between; (right) comparison between a simulation of substrate noise using macromodels and measured substrate noise at the sense
node.

In the right part of Figure 7, a comparison of the measured versus simulated substrate noise voltage at the sense node is
shown. The digital circuit is clocked a 50 MHz, which is close to the resonance frequency of the package
(approximately 55 MHz) to maximize the substrate noise voltage (for the experiment’s sake). The first 25 clock cycles
after end of reset have been plotted. Clearly visible is the start-up of the PRBS that gradualy increases the activity of
the circuit. The RMS value of the measured substrate noise is 6.5 mV, of the simulated waveform 7.7 mV, an error of
20%.

4. TACKLING THE SOURCE OF THE PROBLEM: DIGITAL LOW-NOISE DESIGN

In the previous section, we have seen how macromodeling can be used to predict the amount of generated noise. The
next step is to reduce this noise by clever design. To this end, one should redize that in high-ohmic substrates the
spectrum of the noise voltage somewhere in the substrate is proportional to the spectrum of the ground bounce in a
digital power domain, as ground bounce in the dominant substrate noise generating mechanism. This ground bounce is
the product of the spectrum of the power supply current of a digital power domain and the transfer function from this
current to the digital Vss (see Figure 8). In order to design a digita circuit for lower substrate noise generation, one can
try to reduce either of the two factors in this product. We first consider these two factors in somewhat more detail.

The transfer function from the supply current to the digita Vss shows a peak due to the resonance between the assembly
inductance and the capacitance from the circuit itself and the decoupling:

1
f =
= 2mfL dC, +C,)

Inwhich L, C. and Cy have been defined in Figure 4. In order to have an idea about the spectrum of the supply current,
we first consider what typically happens in a clock cycle of a synchronous digita circuit. At the beginning of a cycle,
flip-flops are switching, after which combinatoria logic is processing new data. As a result of these actions, the time-

@
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domain representation of the power supply current in a single clock cycle can be approximated by a triangular
waveform (see Figure 9). The Fourier transform of one such triangleis given by

— Ip 1 _ alwitr i _ A ewitf —j.w.tr
=G 0 Prghoe e @
H(w)| = " t:cp - J(tF sin(atr) —tr.sin(tf ) + (tf .(1- cos(wtr)) +tr.(1- cos(atf )) )
with w= 27f.

Supply current
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...........

5 ‘o Vss(f) = IsyppLy(f) - H(f)

7
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Supply current :
transfer function to |
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Figure 8: the spectrum of the voltage a some place in the substrate depends on the ground bounce. The spectrum of this bounce is the
product of the spectrum of the supply current and the transfer function from the supply current to the digital ground Vss.
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Figure 9: (left) the time-domain waveform of the supply current in a digital synchronous circuit can be approximated by a periodic
repetition at the clock rate of a triangular shape with rise time tr, fall time tf and maximum Ip; (right) spectrum of the waveform on
the left, corresponding to the spectrum of a single-cycle supply current waveform. The dotted line indicates the envelope, which
follows a 2/f2 behavior (see equation (3)).

The magnitude of this spectrum is shown in Figure 9 with tr = tf = Trf. At a frequency fc = 1/Trf, it has a first loca
minimum, which isa notch in this case. Such notch occurs whenever theratio of tr and tf isarational number. Since the
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envelope of the spectrum (dotted linein Figure 9 right) is given by 2.1p.(tr+tf)/(cf.Trf?), the second lobe has a26.5 dB
smaller amplitude than the DC point. While an incremental change in tr and/or tf can shift the notch point, a main lobe
remains present. In addition to the attenuation due to the fact that the envel ope is a decreasing function of frequency, at
the end of the main lobe (at frequency fc) the “oscillating” term provides an extra atenuation with a factor
sin(a.7)/(1+ a), with o equal to min(tr,tf)/max(tr,tf). Asan example, for tr and tf equal to 0.9Trf and 1.3Trf, respectively,
fc becomes 0.77/Trf. At that point, the total attenuation of 22.9 dB consists of an enve ope attenuation of 16.7 dBA and
an extra attenuation of 6.2 dBA whilethe notch point occurs at 10/Trf.

In a synchronous system, the power supply current can be approximated by a periodic repetition of the triangular
waveform. This yields a discrete, sampled version of the spectrum in the right part of Figure 9, where the spectral lines
are at the harmonics of the clock frequency. The deviation from periodicity of the power supply current causes a“ noisy”
contribution in between the spectra lines. This is demonstrated in Figure 10, which compares the spectrum of the
ensemble average of the supply current to the spectrum of the actual SPICE-simulated supply current of a 100 gates
circuit for aperiod of 3 ns (top) and 30 ns (bottom).
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Figure 10: The spectra of the total supply current and the ensemble averaged supply current of a 100 gates circuit for a period of 3 ns
(top) and 30 ns (bottom).

Equation (3) indicates that the notch point in the spectrum of the supply current shifts to higher frequencies when the
rise and fall times decrease. This means that for a digital circuit with a given clock frequency, the low-frequency
contents of the supply current grows with downscaling, as CM OS gates become intrinsically faster.

Having studied the general shape of both the supply current spectrum and the transfer function from that current to the
substrete or to the digital Vss, we next consider different ways to lower either of these values.

4.1. Reduction of the supply current transfer function

To reduce the supply current transfer function, one could increase the amount of decoupling capacitance, as aready
been pointed with equation (1). Further, one can try to increase the isolation from the substrate. This can be obtained by
increasing the resistivity of the substrate. However, this is usualy not an option, as it cannot be freely chosen by
designers and, moreover, for bulk CMOS processes with a high-ohmic substrate, it does not change much with scaling.
Another approach to reduce the supply current transfer function, used e.g. in [16], isto use standard cells with a separate
bias for the substrate and the n-wells. All these solutions, athough they are effective, increase the area and/or cost.

4.2. Reduction of the spectrum of the supply current

If areduction of the supply current transfer function is a too expensive solution, one can try to the shape the spectrum of
the power supply current, which is the leftmost factor in Figure 8. Severa supply shaping techniques have been
demonstrated to reduce the amount of generated substrate noise [16][17]. For example, in [16] a dua supply has been
used for adesign in a0.35 pm CMOS technol ogy with an epi-type low-ohmic substrate: the supply with alower voltage
is used for the cellsthat are not in the critica path and the other with the nominal supply voltageis used for the cellsin
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the critical path. In this way, the charge Q (see left) that is transferred at each cycle, is reduced. In combination with
extra on-chip decoupling capacitance and the use of separate bias for the substrate and the n-wells, the RMS va ue of the
substrate voltage has been reduced from 33 mV for a reference design in this technology to 11.5 mV. However, the
extra decoupling and the larger size of the standard cells have increased the chip size with 72 %.

Another supply shaping technique is the use of intentional clock skew [16][17] to increase tr and tf. From equation (3)
we can see that this shifts the main lobe in the frequency spectrum of the supply current to lower frequencies. This can
be achieved by introducing different skews to the branches of a clock tree driving a synchronous digital circuit. To this
end, the design is split into severa clock regions and introducing skews for each clock region. In addition, aclock delay
lineis required, which generates a separate clock for every clock region. Using intentional clock skew one can shift the
end of the main |obe or the notch in the supply current spectrum to a frequency below the resonance frequency fies. This
yieds areduction of the substrate noise, asillustrated in Figure 11.

\Supply current Supply current transfer
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Substrate noise
Vsue(f) = 1s(f) - Z(f)

~

function to the substrate
node Z(f)

..’9 I

Frequency (f)

fres Frequency (?

fres Frequency ()

Figure 11: effect of intentional clock skew on the spectrum of the substrate noise. Solid lines correspond to the situation without
skew. With clock skew one can shift the notch in the supply current spectrum to the resonance frequency f,e Of the assembly
inductance and the circuit/decoupling capacitance, yielding alower substrate noise (dotted line).

This approach has been verified experimentally in [16], where a reduction of the generated substrate noise with a factor
two has been reported, with a negligible penalty in power (4% more) and area (3% more)..

A further reduction of the supply current spectrum can be obtained by introducing frequency modulation (FM) on the
clock [17]. This spreads the energy of the spectral peaks into side lobes such that the height of the peaks is reduced,
while maintai ning the same power. The bandwidth of these side lobes grows by increasing harmonics of the clock. For
even spreading of these peaks aswell as the peak at the fundamental clock frequency, the best choice for the modul ation
appears to be atriangular waveform with amodulation index greater than five. The frequency intervalsin between these
lobes can be used for as the frequency bands of operation for analog and RF circuits. Figure 12 illustrates the effect of
intentional clock skew in combination with FM on the clock to reduce the spectrd peaks in the supply current. When
this combination is applied to the 40 kgates telecom circuit of Figure 7 left, a reduction of 26 dB is obtained for the
ground bounce spectrum in the vicinity of the resonance frequency f;es.

5. IMPACT OF SUBSTRATE NOISE ON ANALOG/RF CIRCUITS
It is very important to know how a given spectrum of substrate noise affects the anal og/RF circuits. If this cannot be
predicted, then this may lead to conservative designs or malfunctioning analog/RF circuits. There exist a few design
approaches that are generally accepted as being beneficial for low impact of substrate noise. Examples of such
approaches are differential analog/RF designs, use of guard rings and triple wells, ... We now briefly discuss these
i Ssues.
For analog circuits subject to substrate noise, differential design might be beneficial as the substrate noise disturbance
can often be considered as a common-mode disturbance, which is suppressed in a differential circuit with a high
common-mode regjection rétio.
In modern CMOS technologies the use of triple wellsis astandard option. This alowsto put an n-MOS transi stor into a
separate p-well, which in turn can be embedded inside a deep n-wdl. In this way, the bulk of the n-MOS transistor is
now isolated from the substrate, at least at low frequencies [18]. At high frequencies (in the GHz range), the isolation
effect is reduced [19] due coupling viathe junction capacitors.
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Figure 12: combination of intentional skew and FM on the clock to reduce the spectrum of the supply current.

Guard rings (Figure 13) provide another way to reduce impact of substrate noise on analog circuits. The principleis as
follows: a highly-doped p-type ring that is connected to a quiet ground can collect the disturbances in the substrate
before they reach the analog circuitry. Alternativey, an n-type ring can be put either around the anal og circuit or around
the digital circuit that generates the noise. The latter ring serves as a barrier for the noisy signas in the substrate rather
than as atrap. The use of guard ringsis being studied extensively [18-22]. In some cases, they can increase the isolation
with 40 dB [22]. However, their effectiveness depends on their size, width, operating frequency, and substrate type. For
example, in alow-ohmic substrate with an epitaxia layer, their effect issmall, since their action is short-circuited by the
high conductivity of the substrete. In a high-ohmic substrate, a p-type guard ring (Figure 13) seems to the give the best
suppression [22].
The approaches mentioned in the previous paragraphs do not automatically lead to a sufficient suppression of substrate
noise. A first reason isthat the effect of these approachesis difficult to quantify. Next, their effect can be masked by the
impact via away that has been overlooked. For example, a guard ring might be uselessiif it is not connected to a quiet
ground via a very low impedance. However, in nowadays designs attempts for reduction of impact of substrate noise
often come down to a blind application of these design approaches. The rea effect of these approaches on substrate
noise impact reduction are indeed difficult to predict.
The reason why substrate noise impact is difficult to predict, is that it depends on many details, that highly depend on
the layout of the andog circuit. For example, as the substrate is usualy tightly connected to the on-chip ground of the
analog circuit via many substrate contacts, noise can enter the circuit via ground lines and cause impact due to the
resistivity of these ground lines and the impedance between the on-chip ground and the off-chip ground [5]. Another
possible entry point of substrate noiseis the metal interconnect in generd [23] and passive components [5].
Substrate noise caused by digital switching activity isnot a big problem for every analog circuit. For example, the work
in [24] studies the impact of substrate noise from adigital circuit with a130 MHz clock on a5 GHz low-noise amplifier
(LNA), which are together put on a chip fabricated in a 0.18 pum CMOS technology with a high-ohmic substrate. Here
the impact on the LNA is small since the LNA behaves as an almost linear circuit that operates at a frequency that
corresponds to the 38" harmonic of the clock frequency, which is very small. In LNAs that have been designed in
technologies with a low-ohmic substrate, impact can be higher: here one can even observe at the output a significant
intermodulation product of the substrate noise component at the digital clock frequency (which is less suppressed than
in a high-ohmic substrate) and the signal of interest [25]. Further, LNAs can be susceptible for strong signals & RF
frequencies from other RF circuits, such as local oscillator signals, power amplifiers, ... These RF signals can propagate
through the substrate. Substrate coupling a RF frequencies caused by other analog/RF blocks, athough not extensively
discussed in this paper, can cause unexpected problems aswell. For example, in a downconversion section consisting of
alocal oscillator (LO), mixer and LNA, the LO signd at the LO input of the mixer can propagate through the substrate
tothe LNA, whereit isamplified and presented to the other mixer input. In this way, the mixer will produce DC offset,
due to the mixing of two signals at the LO frequency [8].
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Figure 13: principle of a guard ring around an analog circuit to protect this against substrate noise.

Another analog circuit that can be affected by substrate noise is the anal og-to-digital converter, as aready mentioned in
the introduction. Here, the comparators could take awrong decision due to the presence of a noisy signd in the substrate
[26].

An RF circuit that is sengitive for substrate noise from digital circuitry, isaVCO. Thisis an inherent nonlinear circuit,
in which low-frequency substrate noise can be upconverted to sidebands in the vicinity of the oscillation frequency. This
circuit has been studied extensively in [5] with the topology of Figure 3, oscillating at 3.5 GHz. In aVCO, the impact of
substrate noise happens as follows: the disturbance propagates through the substrate and enters the circuit via different
entry ports, such as the bulk of the transistors, the ground and power supply lines, the variable capacitors and inductors
in the LC tank of the VCO, ...Once a disturbance is present in the circuit, this disturbance can modul ate the frequency.
For example, the disturbance can modulate the voltage over the variable capacitor in the tank. This occurs at the output
as narrowband FM, which is seen as sidebands in the spectrum close to the oscill ator frequency.

A detailed modeling of substrate noiseimpact on the 3.5 GHz VCO reguires the combination of circuit insight, together
with circuit-level simulations of the VCO that is extended with models for the substrate, which can be extracted e.g.
with “Substrate noise andyst” [6], for the interconnect, which can be extracted e.g. with DIVA [27], and for the
assembly. It is shown that for the particular layout of this VCO (see Figure 14), which has been mounted on a PCB,
substrate noise impacts the VCO via two ways. For low-frequency substrate noise disturbances and low values of the
tuning voltage of the variable capacitors (accumul ation-mode n-MOS varactorsin this case), the dominant entry point is
viathe ground lines. High-frequency disturbances enter the VCO mainly viathe parasitic capacitance of the inductors in
the LC tank.

p- substrate

NOISE
INJECTION

Figure 14: microphotograph of the 3.5 GHz VCO of Figure 3.
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The correspondence between measurements and cal cul ations with the model (see Figure 15) is quite good over a broad
frequency range of the substrate noise disturbance and the tuning voltage of the varactors. This shows that modeling of
substrate noise impact is feasible, although the different steps in the modeling approach (generation of the model of the
substrate, interconnect, coupling of these model's, generation of the package model) are not yet integrated.
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Figure 15: power of the spurious components in the VCO from Figure 3, which oscillates at a frequency f,= 3.5 GHz. These
components result from frequency modulation by a disturbing signal at frequency fspyr that is injected in the substrate. They occur at
fo + fspur. The tuning voltage of the varactors is 1 Volt. The substrate disturbance enters the VCO via the ground lines (dashed linge)
and via the parasitic capacitance underneath the inductors (solid line). The power of the spurs is normalized to the power of the
carrier of theVCO.

Being able to predict the impact of substrate noise on and og/RF circuits, the next step is to develop design strategies to
lower theimpact of substrate noise.

6. CONCLUSIONS

Successful integration of analog and digital circuits on one chip can lead to advantages in economics and form factor.
However, putting both types of circuits together on a chip introduces an important route for crosstalk from digita to
analog , namely the common substrate. This crossta k, which we call substrate noise coupling, can seriously harm the
analog circuits: comparators in A/D converters can take wrong decisions, RF VCOs can be FM modul ated by substrate
noise, etc. To master the problem, one should be able to predict the substrate noise during design time. The next step is
to devel op techniques to reduce this coupling. These techniques can only be validated if substrate noise can be predicted
with a reasonable accuracy in areasonable time.

Since the substrate noise coupling is a complicated problem, it is best split into three different parts. generation in the
digital domain, propagation through the substrate and impact on the analog/RF circuits. To predict the propagation
aspect, both academic and commercia tools are available. To predict the digital noise generation, macromodeling
strategies are required, since the problem of noise generation by thousands or millions of gates istoo complex to face a
the circuit level. Gate-level macromodeling techniques with an acceptable accuracy compared to measurements have
been demonstrated on digital circuits of reasonable size, but not yet on multi-million gate designs. Nevertheless,
research results on noise generation prediction are sufficiently mature to alow for an assessment of digital low-noise
design techniques. Such techniques can reduce the generation of noise with aout on order of magnitude.

The prediction of impact of substrate noise is much more complicated as many low-level detals need to be taken into
account and many entry points of substrate noise into a circuit exist. Careful modeling on specific circuits with a good
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accuracy has aready been reported, but this modeling is still rather circuit specific. At this moment, this modeling
requires the combination of circuit insights, measurements and modeling of the substrate, layout details (interconnect,
coupling of the substrate to the parasitics), package and assembly modeling, ... A formalization of this modeling work
is required to enable prediction of impact. If substrate noise impact can be modeled accurately in a short time, then
design techniques for low substrate noise impact can be developed, instead of a rather blind application of different
techniques (differential design, use of guard rings, ...) aswe see today. Only then analog and digita circuits can be put
together on a chip without having to resort to conservative designs or without extra design iterations caused by substrate
noise coupling. An obvious next step is one integrated approach that operates on acomplete mixed-signa design for the
calculaion of the substrate noise generated in the digital domain and the impact of that noi se onto the anal og/RF circuits
on the same chip.
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