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Abstract
A low-ohmic substrate 0.25µm CMOS process has
been chosen to carry out experiments to measure the
effects of substrate noise on the performance of circuits
operating at radio frequencies. Clock circuits give rise
to substrate noise with spectral harmonics far into the
RF band. These harmonics are injected into the signal
path of RF circuitry as will be demonstrated. Clock
planning is therefore a major issue in mixed-signal
telecommunication.

2. Introduction
The field of telecommunication design has recently
been confronted with a (largely unanticipated) explosive
growth in wireless mobile phones. The success of
standards like GSM and DECT have forced industry to
put more research in realising more system functionality
in a smaller space, whilst consuming less power and
reducing the overall price of the product. This demand of
more functionality per die area has resulted in attempts to
integrate circuits operating at radio frequencies (RF)
together with digital circuitry.
The integration of digital and RF circuits on a single
die leads to several design problems. One major issue is
the effect of substrate bounce or substrate noise. In
general the digital circuits will inject noise into the
substrate due to high speed switching activities. Firstly,
this injection mechanism is caused by the coupling
between source/drain of a MOSFET and bulk, via the
substrate p-n junctions. An other important coupling
mechanism arises from the bondwires. Current spikes
through the digital supply lines causes voltage drop over
the bondwires. In a system the PCB ground is usually the
reference for analogue and digital ground and thus the
substrate noise is equal to this voltage drop. This second
effect causes usually much larger substrate noise than the
first one. In this paper, the measurements are carried out
on wafer, hence only substrate noise due to p-n junctions
is measured.
In addition the type of substrate plays an important
role in the effects of substrate noise. In general there are
low-ohmic substrates beneath an epi-layer and
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additionally high-ohmic substrates. Low-ohmic substrate
may be treated as an almost perfect conducting plate, the
injected noise should be detected at any location in the
substrate with the same spectral power density. This
means that any analogue circuit on the same die is able to
pick up this noise from the substrate. This substrate noise
can be injected into the analogue circuits via the
backgate of the MOSFETS. This behaviour may
influence the performance of the analogue circuit.
Although several papers in the literature have already
treated this substrate noise problem [1,2]; they only focus
on the noise itself, and not on the effects on the analogue
circuit performance due to this substrate noise. In [4]
some design tricks have been proposed to minimise the
influence of substrate noise in low-ohmic substrate
materials, on the circuit behaviour. However, these
experiments have been carried out at intermediate
frequencies and not in the RF band.
The aim of this paper is twofold. First, we will show
that a digital clock circuit can generate noise in the
substrate with spectral components far into the radio
frequency band. Secondly, we will demonstrate that for
the correct conditions substrate noise will not affect the
performance of a low-noise amplifier (LNA), operating
at radio frequencies. However, the substrate noise will
appear at the output of the LNA in the case where clock
frequencies are not chosen properly. Hence, the substrate
noise does appear in the signal path.
In section 2 the clock circuit on the test chip is
introduced while in section 3 the focus is on the LNA.
Section 4 then treats the influence of the substrate noise
on the LNA and its output node. We will conclude with
section 5.

2. Clock circuit on test chip
The test chip is realised in a 0.25µm CMOS
technology with 5 metal layers, and a 10mΩcm substrate
(i.e. low-ohmic) beneath an 3µm epi-layer of 11Ωcm.
The clock circuit consists of an 11-stage ring
oscillator based on simple inverters. Each inverter has
the following dimensions: (W/L)n=1.6µm/0.5µm and
(W/L)p=2.4µm/0.5µm. The frequency can be tuned by
means of the supply voltage. In the measurements the

substrate can be modelled as a single node. These
measurement results are in good agreement with [2,3].

Figure 1. clock circuit

Figure 3. Die microphotograph of test chip

3.

Figure 2. Spectrum of substrate noise
frequency is set to 772 MHz. A 5-stage buffer that is
loaded by a MOS capacitor of 160 fF follows the clock
circuit. The capacitor is tightly connected to the substrate
to be sure that a maximum signal is injected into the
substrate (see Fig. 1). Although this in real designs will
never be the case, for this test chip it will ease
measurements. On the test chip there are several
locations to measure the substrate noise. One such
measurement point is near the clock output. The
measured spectrum of the substrate noise is shown in Fig.
2. Clearly visible is the fundamental tone and several of
its harmonics. Even the 5th harmonic is still at –80dBm,
which is above the sensitivity level of many mobile and
wireless telecommunication standards.
The die microphotograph of the test chip is shown in
Fig.3. On the chip there is also a guard ring laid out
around the LNA, to see if it is possible to prevent the
substrate noise generated near the clock circuit
interfering with the LNA. This guard ring is connected to
the ground via a DC probe. In the guard ring there is also
a test point available to measure substrate noise. The
measured spectrum of the substrate noise within the
guard ring is (almost) identical to the spectrum measured
near the clock, outside the guard ring (Fig.2). Even
measuring the substrate noise at a distance of 1 cm. from
the clock circuit, gave the same spectral results.
Consequently for low-ohmic substrates, we can conclude
that indeed guard rings will not guard your circuit against
substrate bounces. The substrate can be considered as a
very good conducting plate, hence in the circuit the

The LNA on the test chip

Situated within the guard ring is a low-noise amplifier
for which the schematic is drawn in Fig. 4. In fact it is a
push-pull configuration, designed to operate in the 2-3
GHz band. The dimensions are: (W/L)n=20µm/0.25µm
and (W/L)p=60µm/0.25µm. Matching the LNA is
performed off-chip, in order to be able to set the
operating frequency freely. Unmatched the LNA operates
over a reasonable large bandwidth, i.e. 2-5 GHz. This
gives possibilities to make trade-offs between the
frequency of the input signal and the clock frequency.

Figure 4. Low noise amplifier
The LNA has a voltage supply of 2.5 Volt, the bias
voltage is set to 1.25 Volt, and under these conditions the
LNA consumes 3.4 mA. Unmatched the LNA has
measured s-parameters as given in Fig. 5. The measured
transducer gain is almost one, over a large band of
frequencies. Because the LNA is not matched while
measuring the s-parameters, the gain is low and input
termination (s11) is not perfect. However, for the
experiments the unmatched LNA is a better option then a
matched version. Unmatched it has a broadband

behaviour, allowing the experiments to be done over a
large frequency range.
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• The spectral tone of the clock is shaped due to some
filter operation of the parasitic capacitance of the p-n
junction.
• The second and third order harmonics are still above
the substrate noise floor of –85 dBm .
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Figure 5. s-parameters of unmatched LNA
In Fig. 6 the measured spectrum at the output of the
LNA is given for an input signal at 2.27 GHz with the
clock generator completely turned off. This means that
the substrate is clean from spectral spurities due to the
clock. The spectral tones at –70 dBm and –80 dBm are
picked up from other sources.

Figure 7. Spectrum at output LNA when only clock
is active.

Figure 8. Spectrum at output LNA when LNA and
clock are active.
Figure 6. Spectrum output LNA without clock
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Influence of substrate noise

The next step is to measure the influence of the
substrate noise on the performance of the LNA.
Therefore the clock is made active and set again to a
frequency of 772 MHz. We now measure directly at the
output port of the LNA whilst it is turned off and no
input signal is available. The spectrum is shown in Fig. 7.
Comparing Fig. 7 with Fig. 2, a few results become
clear:
• The substrate noise is injected into the output node,
but weakened with 30 dB. There is indeed a coupling
between digital switching activities and the analogue
nodes.

For the next step the LNA is made active and has an
input signal at 2.3 GHz. The measured spectrum at the
output of the LNA is given in Fig. 8. We can again make
several observations:
• The fundamental frequency of the clock and its
harmonics are again visible in the spectrum. The
tones are approximately 10 dB higher than for the
case when the LNA is not active. The conjecture is
that this can be explained by the fact that the voltage
across the junction diode of the PMOST is
decreased when the LNA is turned on, therefore the
capacitance value increased. The coupling between
substrate and the output node of the LNA is
improved and hence more noise at the output does
appear.
• The input (information) signal of the LNA is at the
same frequency as the third harmonic of the clock

•

•

circuit. From Fig. 8 it is clear that at the output of
the LNA not only the amplified information signal is
available, but also this unwanted third harmonic of
the clock. In fact, any substrate noise, with spectral
components in the same frequency range as that in
which the LNA is operating, will be picked up by
the LNA. Consequently, the information signal will
be distorted by this substrate noise.
Because the gain of the LNA is low, substrate noise
injected at the input of the LNA will hardly be
amplified and therefore not seen at the output of the
LNA. Note that when the LNA is matched and
therefore has gain, the distortion of the information
signal at the output will be worse.
Comparing Fig. 8 with Fig. 6 leads to the conclusion
that the gain of the LNA is not influenced by the
substrate noise. The s-parameters have been
measured under the condition that the clock is
active. These measurements gave the same results as
the results depicted in Fig. 5. Hence the performance
of the LNA is not affected by the substrate noise.
This is to be expected because the RF performance
is mainly determined by the bias operating point and
the matching network. The 3rd harmonic of the clock
is too weak to disturb this operating point.

5. Bulk models
An important question is the following: are we able to
simulate these effects? This demands for good CMOS
transistor models including bulk effects. One such model
is shown in Fig. 9 [5,6].

6.

Firstly, the above experiments show that in case the of
a low-ohmic substrate you can not prevent the digital
circuitry injecting switching noise into the substrate. This
noise is then injected into the signal paths of analogue
circuitry, regardless of the eventually guard rings laid
out.
This means that in case the of mixed-signal RF
design, clock planning becomes very important. The
clock frequency has to be chosen such that none of its
harmonics will interfere with the information signal
frequency in the analogue part of the system. Quite often
large digital systems do have several independent clock
frequencies. This may also lead to frequency components
due to inter modulation. This will not harm the digital
performance but it might the analogue. Therefore,
integrating RF with digital, demands one central clock
frequency. All other clock frequencies should be
synthesised from the central one.
Measurements have shown that the performance of the
LNA itself is not changed. However, the system
performance does. For instance the bit error rate will
increase due to the distortion. Furthermore as the
substrate noise is injected into the input and output nodes
of the LNA other RF circuits may also be influenced and
their performance affected. One such circuit is the
receive mixer, which follows the LNA. It will certainly
mix not only the wanted information signals, but also the
unwanted substrate noise. The base band signals will
therefore be distorted.
To conclude, substrate noise is an important issue in
mixed signal telecommunication designs. Although the
effects of the substrate bounce in low-ohmic substrate are
more severe than they will be in high-ohmic substrate, in
both cases, clock planning is a major issue.

7.

Figure 9. Bulk model
The values of the resistors Rb depend on technology
and dimension of the MOST. Using this model, the LNA
plus clock has been simulated and the resulting spectrum
at the output of the LNA is depicted in Fig. 10. The
results are fairly good (except the 2nd harmonic of the
clock is predicted to high), compared to Fig. (8).

Figure 10. Simulated noise output LNA

Discussion and conclusion

References

[1] M. van Heijningen, et.al. ‘Modeling of Digital
Substrate Noise Generation and Experimental
Verification Using a Novel substrate Noise Sensor’,
proc. ESSCIRC’99, pp.186-189, 1999 Duisburg
[2] M. Felder, J. Ganger, ‘Analysis of Ground-Bounce
Induced Substrate Noise Coupling in a Low Resistive
Bulk Epitaxial Process: Design Strategies to Minimize
Noise Effects on a Mixed-Signal Chip’, IEEE Trans.
Circ. Syst.-II, vol. 46, pp.14-27-1436, 1999
[3] D.K. Su, et.al. ‘Experimental results and modeling
techniques for substrate noise in mixed-signal integrated
circuits’, IEEE Solid-State Circ. Vol. 28, no. 4, pp.420430, 1993.
[4] B. Nauta, G. Hoogzaad, ‘Substrate Bounce in MixedMode CMOS ICs’, AACD’98 Denmark
[5] L.F. Tiemeijer, Nat.Lab. Tech. Note NL-TN 218/98.
[6] L.F. Tiemeijer, et.al, ‘RF CMOS Modeling’, proc.
AACD 1999

