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An Active Guarding Circuit Design for
Wideband Substrate Noise Suppression

Hao-Ming Chao, Wen-Shen Wuen, Member, IEEE, and Kuei-Ann Wen, Member, IEEE

Abstract—In this paper, an active guarding circuit is presented
for wideband substrate noise suppression. A feed-forward com-
pensation mechanism is proposed to extend the noise suppression
bandwidth and to adjust the amplitude of phase-inversed noise
cancellation current by introducing a zero and an amplitude
controller. A noise decoupling mechanism is developed to provide
a decoupling path and to sense the noise level for generating
noise cancellation current. With substrate characterization, pa-
rameters of substrate network impedance, decoupling factor, and
amplitude of noise cancellation current can be either obtained
or determined. The active guarding circuit is implemented in a
90-nm CMOS process based on substrate characterization. The
measured substrate noise suppression is better than 9 dB from
dc to 250 MHz. The 3-dB suppression bandwidth is effectively
extended to 1.2 GHz. The power consumption and circuit area are
2.5 mW and 20 m 41 m, respectively.

Index Terms—Analog circuits, CMOS integrated circuits (ICs),
substrate coupling noise, substrate crosstalk, substrate isolation.

I. INTRODUCTION

S UBSTRATE coupling noise is an important effect that can
no longer be ignored with recently advancing deep-submi-

crometer CMOS technology. Lower supply voltage in combi-
nation with higher frequency operation in microwave telecom-
munication integrated circuits (ICs) results in more reactive and
resistive impedance nodes in analog circuitry that are very sen-
sitive to noise transients originated from the substrate. For the
trend of system-on-chip (SoC) design, multifunctional chips of
heterogeneous designs such as digital, analog, RF, embedded
memory, microprocessor, and digital signal processing (DSP)
are integrated at ever closer distances in a shared substrate to ful-
fill the requirement of various applications. However, such inte-
gration causes signal integrity degradation due to the insufficient
isolation between noisy digital circuits and sensitive analog cir-
cuits. Fast switching signals generated by digital circuits intro-
duce current spikes coupling through the shared substrate into
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the sensitive analog and RF circuits, and then adversely affect
their performance.

Research of various respects have been performed to alle-
viate this problem including substrate coupling mechanism [1],
[2], substrate coupling modeling [3], [4], substrate coupling ef-
fects on analog circuit performance [5]–[8], and substrate cou-
pling reduction techniques [9]–[17]. Accurate modeling and an-
alyzing of substrate coupling is a prerequisite to evaluate the
impacts of substrate coupling noise; it also provides parame-
ters for some substrate noise reduction circuits design [13], [16],
[17]. Either passive or active methods are applied for substrate
coupling noise reduction. For passive methods, different guard
ring types are proposed [9], [10]. For active methods, noise sig-
nals can be either decoupled or counteracted as the references
in [11]–[17]. Among those techniques, passive methods need no
power consumption, but may not be effective enough in noisy
situations. On the other hand, although active methods have a
higher level of noise suppression, there are still several limita-
tions and drawbacks. In [11], [14], and [15], CMOS amplifiers
are used to invert the noise signals and inject them into the sub-
strate for counteraction; but their performance are all limited by
the tradeoff of power consumption and gain-bandwidth product
of amplifiers. Hence, ranges of the effective operation frequency
are less than few hundred megahertz. In [12], although a high
noise suppression bandwidth as 400 MHz is achieved by em-
ploying a high-gain high-bandwidth SiGe HBT amplifier, the
heterojunction bipolar technology is not suitable for the SoC
design. A current mirror based method is employed in [13] for
lower power consumption, but the effective noise suppression
is less than 100 MHz due to the parasitic effects that domi-
nate the frequency response. Finally, in [16], substrate noise is
wideband suppressed by 1 dB in the frequency range from 40
MHz to 1 GHz, and is maximally 3.5 dB suppressed at 200
MHz by decoupling noise signals to ground via three large ca-
pacitors (10 pF each), where the capacitance values are equiv-
alently increased by three power-consuming operational ampli-
fiers (3.3 mW each) through the Miller effect.

Here we propose a new substrate noise suppression circuit
that employs noise decoupling and feed-forward compensation
mechanisms based on substrate characterization to reduce and
to suppress the substrate coupling noise. The proposed circuit
needs only several active devices of MOS transistors, and no
power-consuming high-gain wideband amplifiers or area con-
suming passive components as capacitors are needed. Circuit
design and implementation in 90-nm CMOS technology with
performance analyses are also presented. Test keys of different
isolation structures with distance variances are measured and
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Fig. 1. (a) Top view and (b) cross section of the proposed active guarding cir-
cuit.

analyzed within the frequency range that is concerned for sub-
strate characterization with Assura-RF.

This paper is organized as follows. Section II presents the de-
sign concepts of the proposed active guarding circuit. Section III
describes the substrates characterization with Assura-RF verifi-
cation. Section IV demonstrates the design and implementation
of the active guarding circuit performance analyses. Measure-
ment setup and experimental results are shown in Section V.
Discussions and conclusions will be given in Section VI.

II. DESIGN CONCEPTS

As the proposed active guarding circuit shown in Fig. 1, an
active guarding circuit with sense and injection rings is inserted
between the noise source and guarded circuitry to suppress the
substrate noise coupling. The sense ring is placed at the outer
side to receive the substrate noise; the injection ring, on the con-
trary, surrounds the guarded circuitry at the inner side to inject
the compensation current back to the substrate. In order to pre-
vent self-induced noise from interfering the guarded circuitry
through the common substrate, the active guarding circuit is
placed in an isolated well.

As shown in Fig. 2, the proposed substrate noise suppression
is achieved by two mechanisms: noise decoupling and feed-for-
ward compensation. Noise current from any direction to the
guarded circuitry is detected and averaged at the sense ring, and
then decoupled to the active guarding circuit.

The compensation current is generated from the decoupled
noise with its phase reversed and the amplitude adjusted. The
bandwidth extension is further performed before the compen-
sation current injected back to the substrate. The noise, which
flows through the substrate other than the decoupling path at the
branch point of the sense ring, can be cancelled by mixing the

Fig. 2. Concepts of substrate noise suppression mechanisms of noise decou-
pling and feed-forward compensation.

compensation current via the injection ring. By implementing
noise decoupling and feed-forward compensation with band-
width extension, substrate noise received at the guarded cir-
cuitry can be effectively suppressed to ensure its performance.

A. Noise Decoupling

Noise decoupling is performed by creating a decoupling
path connected to the sense ring. The decoupling path has an
impedance value much lower than or at the same order as that
of substrate network 2. Consequently, the input noise current
flows through either the decoupling branch or substrate network
2 at the sense point. Hence, the total substrate noise current
flowing toward the guarded circuitry is reduced.

A decoupling factor is defined to present the percentage
of the input noise current that is decoupled. As shown in
Fig. 2, the decoupling branch connecting the active guarding
circuit has an impedance of . The equivalent impedance
of substrate network 2 is defined as . is divided
into two portions: the current being drained away by the ac-
tive guarding circuit and the noise current continuing flowing
through the substrate toward guarded circuitry and

. The substrate noise ( ) is reduced at this stage as
follows:

(1)

can be extracted from the substrate model and con-
sidered as a known parameter. The design parameter for decou-
pling factor is .

The smaller is, the larger can be obtained, which
means more noise current can be drained away from the sub-
strate, and the smaller noise level will affect the guarded cir-
cuitry. However, in a circuit implementation using MOS tran-
sistors, cannot be arbitrarily small. The smaller ,
the larger the MOS transistor size required, leading to higher
power consumption and area.

B. Feed-Forward Compensation

The feed-forward compensation operation includes 180
phase inversion, amplitude adjustment, and bandwidth exten-
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sion. A lot of well-known circuits can be used to perform phase
inversion. Current mirror is herein chosen for its simplicity. The
phase-inversed is delivered to an amplitude controller
with current gain to adjust the magnitude of the com-
pensation current to be identical to , as shown
in (2). can flow through both the surface and bottom por-
tions of substrate network 2. By designing the injection ring to
be placed closely adjacent to the sense ring, the surface por-
tion of substrate network 2 is a low impedance path and domi-
nates the current flow of . Finally, the magnitude-matched
and phase-inversed current is injected to the substrate
through the injection ring and mixed with for cancella-
tion of the total noise receiving at the guarded circuitry

(2)

The amplitude controller current gain can be deter-
mined by the following equation:

(3)

Tradeoffs between device mismatches and parasitic effects
exist in the current mirror design, which is used to perform phase
inversion. When noise frequencies are higher than the band-
width of the current mirror, the losses and phase shifts will de-
grade the noise suppression performance. To release the band-
width limitation, a zero is introduced.

In order to obtain the substrate network impedance, substrate
characterization is prior to the design of the active guarding cir-
cuit and will be discussed in Section III.

III. SUBSTRATE CHARACTERIZATION

In order to characterize the substrate, structures of various
isolation schemes composed of P guard ring (P GR), Nwell
guard ring (NWGR), and deep Nwell (DNW) of triple-well
structures were fabricated in a 90-nm CMOS process and are
characterized and analyzed [20]. The dependence of signal
coupling on distance and frequency are extracted as substrate
networks. Parameters in the extracted substrate networks are
used for the design of the decoupling factor and amplitude
controller in the active guarding circuit. The characterized
substrate networks also allow designers to utilize in their design
process, and hence, choose the most suitable isolation scheme
to meet the specification of substrate coupling noise tolerance
and the budgets for the process costs.

A. Test Keys for Different Isolation Schemes

Five isolation schemes are designed based on three basic
isolation structures, which include P GR, NWGR, and DNW,
compared to the reference (REF). Thus, six different structures
of test keys include REF, P GR, NWGR, DNW, NWGR with
P GR (NWGR/P GR), and DNW with P GR (DNW/P GR)
are implemented and measured in the frequency range from
100 MHz to 10 GHz with a distance variance from 10 to
100 m. As shown in Figs. 3–8, schematics in the figures are
designed structures corresponding to each measurement results,
where the P region at the right is the noise sources and the

Fig. 3. Measurement and simulation results of the reference structure.

Fig. 4. Measurement and simulation results of the P�GR isolation scheme.

one at the left is the receiver. The areas of the noise source and
receiver are both 7.4 m 13 m. The width of both P GR
and NWGR is 1.5 m and the distance from P GR and NWGR
to noise receiver are 1.5 and 3 m, respectively.

By comparing the isolation schemes of single guard ring
structures in a frequency range below 10 GHz, the P GR,
NWGR, and DNW structures give approximately 8-, 25-, and
25–55-dB isolation improvement, compared to the reference
structure at an isolation distance of 10 m correspondingly.
For the double guard ring designs of NWGR/P GR and
DNW/P GR, they provide isolation performance of approx-
imately 10 and 7 dB better than that of NWGR and DNW,
respectively. The designs with the DNW structure give the
most isolation, but require additional implant/mask processing
steps, which increase the cost and the time of process cycle.
Therefore, such designs cannot always be used.

The better isolation performances for NWGR and DNW and
other double guard ring structures compared to P GR is owing
to the junction capacitances between NW/TW, DNW/TW,
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Fig. 5. Measurement and simulation results of the NWGR isolation scheme.

Fig. 6. Measurement and simulation result of the DNW isolation scheme.

NW/PW, and DNW/PW, which formed a obstacle to block
the substrate coupling noise. However, they start to lose this
advantage when the frequency increases, as the higher fre-
quency decreases the capacitive blocking capability of the
junctions. For frequencies below several gigahertz, the DNW
structure achieves better substrate isolation compared to the
NWGR. Nevertheless, as the frequency reaches 10 GHz, the
DNW structure shows almost the same isolation performance
as NWGR.

To analyze the isolation character of the single guard ring
structures, in the frequency below 10 GHz of interest, the isola-
tion performance of P GR shows a resistive behavior, which is
independent of frequency, where NWGR shows both resistive
and capacitive behaviors as the frequency gets higher than sev-
eral gigahertz and DNW behaves mainly capacitive in the entire
frequency range. These characterizations are verified with As-
sura-RF as the substrate networks shown in Fig. 9.

Fig. 7. Measurement and simulation results of the NWGR/P�GR isolation
scheme.

Fig. 8. Measurement and simulation results of the DNW/P�GR isolation
scheme.

B. Substrate Characterization with Assura-RF

For substrate characterization, Assura-RF is used to extract
the substrate network between devices with process information
such as thickness of subdivisions, junction capacitances param-
eters, and material characteristics. The characterized substrate
network is both resistive and capacitive considering high-fre-
quency effects. Fig. 9 demonstrates two characterized networks
between the noise source and the receiver for single guard ring
test structures of REF, P GR, NW, and DNW. The simulation
results with each characterized substrate networks for the six
test-key structures are shown in Figs. 3–8 compared to the mea-
surement results in a 10- m isolation distance. The average er-
rors for each isolation scheme are shown in Table I.
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Fig. 9. Characterized substrate networks for: (a) REF and P�GR and
(b) NWGR and DNW.

TABLE I
AVERAGE ERROR BETWEEN SIMULATION AND MEASUREMENT RESULTS

IV. ACTIVE GUARDING CIRCUIT DESIGN AND ANALYSES

A. Noise Decoupling

Fig. 10 shows the schematic of the proposed active guarding
circuit. The input common-gate transistor creates a low
impedance path for the noise decoupling at the sense point with
impedance value . Unlike other designs [12], [13], which
use the common source configuration as the input stage to sense
the substrate noise voltage from gate, not only senses the
noise current, but also drains it away, leading to lower noise
level for cancellation in the later stage.

For larger decoupling factor design, i.e., more noise current
is drained away, the input impedance should be designed
as small as possible. However, smaller indicates a larger
transistor size , which consumes large area and power.
To optimize the design, improvement of decoupling factor
in percentage per milliwatt as the numbers of 20- m-width in-
crement of from 150 m is studied.

Fig. 11 shows that less than 60% improvement of the de-
coupling factor per milliwatt is achieved after the tenth in-
crement of width of 350 m when the noise frequency
is 1 GHz. Therefore, the ninth increment of MOS width, i.e.,
330 m, is chosen as the width of .

Fig. 10. Proposed active guarding circuit.

Fig. 11. Improvement of decoupling factor versus numbers of 20-�m width
increment of � from 150 �m.

B. Feed-Forward Compensation

To realize the feed-forward compensation mechanism, MOS
transistors from to and are added to perform the
phase inversion, amplitude control, and bandwidth extension.

The 180 phase inversion of the decoupled noise current
is accomplished by a current mirror composed from

to . The phase-inversed current (which is identical to
for an ideal current mirror) is sent to the amplitude con-

troller and bandwidth extension circuit composed from to
and . The current is converted to voltage via the diode-

connected transistors and . Finally, the transconductance
stage adjusts the current gain together with , , and

then converts the voltage back into current , which
is injected into the substrate to cancel the noise current .
A detailed design of the amplitude controller and bandwidth ex-
tension circuits are shown below.

C. Amplitude Control

Fig. 12 shows the equivalent circuit of the amplitude con-
troller and bandwidth extension circuit. Transistor and
are modeled as resistor and with their parasitic
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Fig. 12. Equivalent circuit of the amplitude controller and bandwidth extension
circuit.

capacitance and . is modeled as a resistor with
its gate–drain parasitic capacitance and gate–source para-
sitic capacitance , and performs as a transconductance
stage.

Equation (4) shows the transfer function of as
the small-signal current gain of the amplitude controller

(4)

Therefore, the low-frequency current gain, i.e., , can
be approximated as

(5)

By referring to (3) and (5), the current gain can be determined
as follows:

(6)

As a result, given from a substrate model and an op-
timal designed impedance , the ratio of is deter-
mined to match the current of and for substrate
noise cancellation.

D. Bandwidth Extension

To improve the noise suppression performance at high fre-
quencies, a bandwidth extension circuit is applied by inserting
a triode-region transistor . The introduction of creates
a zero and a pole [18], which can be expressed as

(7)

Hence, the effective noise suppression bandwidth of the ac-
tive guard circuit can be extended by designing the zero
close to the original dominant pole of the circuit without

to perform frequency compensation. The bandwidth is ex-
tended until begins to affect the frequency response. The

dominant pole of the circuit without can be approxi-
mated as

(8)

where , and is the output
resistance of . , ,
and are the parasitic capacitance of and , and is
the equivalent capacitance of substrate seen from the source of

. .

E. Phase Estimation

For further analysis of the current subtraction error at the in-
jection node due to phase mismatch, two parts of the phase shifts
are analyzed: the phase shift of the remained noise current that
flows from the sense node to the injection node through the sub-
strate; and the phase shift of decoupled noise current that flows
from the sense node to the injection node through the proposed
active guarding circuit. As mentioned in Section II-B, since the
injection ring is placed closely adjacent to the sense ring, the
former phase shift from the sense node to the injection node
through the substrate can be minimized, and thus, neglected. As
for the latter, phase estimation is done to analyze the phase shifts
from the sense node to the injection node through the proposed
active guarding circuit as a function of frequency. Two portions
of the phase shifts as and , which express
the phase shift from the sense node to the current mirror output
node (in Fig. 10) and the phase shift from node to the
amplitude controller output node (injection), respectively, are
derived from the small-signal current gain of the current mirror

[which is shown in (9)] and current gain of the amplitude
controller [which is shown in (4)]

(9)

For a transfer function ,
the phase shift can be expressed as

. The phase response of the current mirror can be
estimated as , as in (10). The effect of the bandwidth
extension circuit in the phase domain can be revealed via

, as shown in (11)

(10)

where , ,
, and ,

(11)

where ,
,

, and
.
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Fig. 13. Equivalent circuit of the amplitude controller and bandwidth extension
circuits.

The estimated results are shown in Fig. 13 in comparison with
circuit simulation results of and and their
sum , which indicates the total un-
wanted phase shifts for signals passing through the proposed
active guarding circuit. Both estimated results and circuit sim-
ulation results show that the bandwidth extension circuit pro-
vides an opposite sign of phase shift that compensates the phase
shift of the current mirror in a wide frequency range, and conse-
quently reduces the total phase errors, which result in the sub-
traction error. However, although the phase errors are reduced,
the magnitude of the injection current for substrate noise cancel-
lation is still attenuated as the frequency gets higher. Therefore,
in high frequency, the noise suppression performance of the pro-
posed active guarding circuit is still degraded.

F. Circuit Injected Noise

Though the proposed active guarding circuit counteracts sub-
strate coupling noise, it inevitably induces noises to the common
substrate while performing suppression.

Unwanted noises induced by the circuit are classified into two
parts; . The first part is the noise coupling through the common
substrate from the transistor’s bulk. The second part is the noises
injecting directly to the substrate through the wires connected to
the sense and injection ring.

For the first part, as described in Section II, the active
guarding circuit is placed in an isolated well, and as shown in
Fig. 5 for the NWGR isolation scheme, the isolated well pro-
vides at least 40-dB isolation performance for 10- m isolation
distance. Therefore, the noises injected from the circuit, which
might transfer through the common substrate to the guarded
circuit, will be mostly blocked by the well, and thus, can be
neglected.

As for the second part, the total thermal noise at output node
(injection) can be expressed as follows:

(12)

Fig. 14. Microphotograph of the proposed active guarding circuit.

In this study, is approximately 7.54 10 A in low fre-
quency at room temperature. On the other hand, although the
flicker noise might degrade the circuit performance, the degra-
dation is only limited in low frequencies up to several mega-
hertz. As a result, the total noise injected by the proposed cir-
cuit is much lower than the considered noise level in a wide
frequency range.

V. MEASUREMENT SETUP AND EXPERIMENTAL RESULTS

Based on the above design concepts with a characterized
substrate model, the proposed active guarding circuit is imple-
mented in 90-nm CMOS technology.

Fig. 14 shows a microphotograph of the fabricated chip.
The area of the proposed active guarding circuit core is
20 m 41 m. Two independent test cases of Test Case 1 and
Test Case 2, shown in Fig. 15, are implemented in the same chip
with identical active guarding circuit designs. For each test case,
four independent noise source inputs made of P diffusion
pickups are placed with isolation distances of approximately
30, 50, 70, and 110 m between the noise sources and receiver.
Signal generators are used to send signals as noises with various
input powers and frequencies from 30 to 15 dBm and from dc
to 5 GHz, respectively. The noise signals are coupled through
the P diffusion pickups to the substrate and the noise receiver,
and then measured by a spectrum analyzer via the output pads.

The measurement results show similar suppression perfor-
mance for isolation distances of 30 and 50 m. For isolation dis-
tances of 70 and 110 m, the suppression performance cannot be
correctly measured due to the limitation of the instruments’ sen-
sitivity and the noise from the measurement environment since
the noise level at output is lower then 80 dBm. As a result, the
suppression performance for 30 m is chosen to be presented in
the following discussions.

A. Test Case 1

The setup for chip on-board measurement is shown in Fig. 15.
Test Case 1 evaluates the substrate coupling noise suppression
performance by turning the active guarding circuit on/off and
measures the isolation between the noise sources and receiver.
Fig. 16 shows the measurement and simulation results in the fre-
quency range from dc to 5 GHz with 30- m isolation distance.
The measurement and simulation data showed a 2–3-dB level
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Fig. 15 Test plans and measurement setup for the fabricated chip.

Fig. 16. Simulation and measurement results of the isolation performance
versus frequency for Test Case 1.

shift due to the 5% inaccuracy of the substrate model for REF,
as shown in Table I. The measurement results of circuit perfor-
mance show an effective 3-dB noise suppression bandwidth
from dc to 1.2 GHz and 1-dB bandwidth up to 2.2 GHz. The
noise suppression, which is better than 9 dB, is obtained in
the frequency range from dc to 250 MHz. The total power con-
sumption is approximately 2.5 mW for 1-V supply voltage.

B. Test Case 2

Owing to the common use of P GR, in Test Case 2, a P GR
is inserted to surround the noise receiver in Test Case 1 to see the
performance enhancement, as shown in Fig. 15. The substrate
coupling noise suppression performance is obtained in the same
manner as Test Case 1. Fig. 17 shows the measurement and sim-
ulation results of Test Case 2 in the frequency range from dc
to 5 GHz with 30- m isolation distance. In comparison with
Test Case 1 when the circuit is off, P GR contributes 10- and
14-dB isolation to measurement and simulation results, respec-

Fig. 17. Simulation and measurement results of the isolation performance
versus frequency for Test Case 2.

Fig. 18. Simulation and measurement results of circuit noise suppression per-
formance versus input noise power.

tively. Owing to the 14.5% inaccuracy of the substrate model
for P GR, as shown in Table I, the data of measurement and
simulation show a 5-dB level shift. The measurement result of
circuit performance shows an effective 3-dB noise suppres-
sion bandwidth from dc to 650 MHz and 1-dB bandwidth up
to 950 MHz. The noise suppression, which is better than 6 dB,
is obtained in the frequency range from dc to 200 MHz. The total
power consumption is approximately 3.5 mW for 1-V supply
voltage.

For both Test Case 1 and Test Case 2 in frequencies higher
than several hundred megahertz to gigahertz, the measured per-
formance is degraded compared to the simulation results. This
degradation is due to the poor ground plane resulting from the
lack of parallel ground bonding wires on the test board and
the loading effect of the output pads, which affect the high-fre-
quency performances. Moreover, the bonding pads were too
small in that only one wire bonding for each output pad is al-
lowed, and thus cannot be corrected in this version. Neverthe-
less, the circuit performance can be evaluated for the wideband
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TABLE II
PERFORMANCE SUMMARY

characteristic from dc to 1.2 GHz and 250 MHz for 3- and
9-dB noise suppression, respectively. In the next version of

the test chip, the proposed circuit will be designed for on-wafer
testing to avoid the unwanted effects of bond wires.

In addition, as shown in Fig. 17, the circuit performance in
Test Case 2 is not as good as that in Test Case 1 because the in-
serting of P GR decreases the input impedance of the
substrate at the branch point of noise decoupling, which also
leads to the decrease of . Therefore, for the identical active
guarding circuit design, as in Test Case 1, the compensation cur-
rent that corresponded to is smaller than the sub-
strate noise current , and hence, results in the performance
degrade. To get better performance in Test Case 2, the amplitude
controller gain can be easily adjusted according to the decou-
pling factor .

Fig. 18 shows the measured and simulated noise suppression
performance as noise power at the noise receiver increases from

50 to 10 dBm at 10 MHz. The 1-dB degradation points of
the measured noise suppression performance are approximately

13 and 19 dBm for Test Case 1 and Test Case 2, respectively,
which present the noise tolerance for the active guarding circuit
inputs in these two test conditions.

The performance of the active guarding circuit is summarized
in Table II with comparison to other recently published active
substrate noise suppression circuits with measurement results.
The proposed circuit has the widest noise suppression band-
width with the smallest power and area consumption.

In view of the fact that the better performances shown in
Table II may be due to the advanced technology of the 90-nm
process, characteristics of the power consumption, circuit area,
and suppression bandwidth of the proposed active guarding cir-
cuit are discussed as follows.

The power consumption of the proposed active guarding cir-
cuit can be expressed as follows in (13):

(13)

where , , and are the drain currents of transistor ,
, and , and is identical to based on the char-

acteristic of the current mirror. From (1), given the substrate
impedance , the circuit input impedance
can be chosen according to a designed decoupling factor ,
and can be determined from (6). and

can also be easily designed in the same value no matter what
technology is chosen. Therefore, all these design parameters for
power consumption can be equally designed in any technologies
(given that does not vary much in different technolo-
gies). Moreover, previous research on CMOS transistor scaling
effects [19] had concluded that the transconductance-to-current
ratio, i.e., , is almost technology independent for satu-
rated transistors. As a result, the current consumption of the
proposed active guarding circuit is almost the same over dif-
ferent CMOS technologies and the power consumption is thus
proportional to the supply voltage for different technologies. By
comparing this work of the 90-nm process with 1.0-V supply
voltage with the previous literature [16] of the 0.13- m process
with a 1.2-V supply voltage, the normalized power consump-
tion of this study mW mW is still much lower
than that of [16] (9.9 mW). Since the chip area is highly related
to the process, this study indeed gains some advantage owing to
the down scaling of the 90-nm process. However, the main con-
tribution of the small area comes from the architecture of the
proposed active guarding circuit. In comparison to [16], which
requires three high-gain amplifiers and three large capacitors,
this study requires only eight active devices of MOS transistors,
and no area-consuming high-gain wideband amplifiers or ca-
pacitors is needed. Therefore, to the best of the authors’ knowl-
edge, this study achieves an area of 20 m 41 m that is much
smaller than any previous design.

The noise suppression bandwidth could also be wider owing
to the higher cutoff frequency of 90-nm technology compared
to older generation technologies. Nevertheless, this study still
requires the bandwidth extension technique to enhance noise
suppression at gigahertz frequency.

To summarize, this study indeed gains some advantages in
the advanced 90-nm technology, but the circuit architecture and
technique in fact enhance the overall performance. Along with
the continuous down scaling of the CMOS process and the trend
of the SoC design, the substrate coupling noise issue becomes
more and more important, the proposed circuit benefits from
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better performance and lower power consumption as the tech-
nology scales down, and it is very suitable for future applica-
tions in industry.

VI. DISCUSSIONS AND CONCLUSIONS

An active guarding circuit design for wideband substrate
noise suppression has been proposed with substrate charac-
terization. The substrate noise is effectively suppressed by
employing a noise decoupling mechanism and feed-forward
compensation mechanism, which performs phase inversion,
amplitude control, and bandwidth extension. Experimental
results have demonstrated a wide 3-dB bandwidth as 1.2 GHz
for noise suppression with noise-suppression performance
better than 9 dB up to 250 MHz. The noise tolerance for the
input of the proposed circuit is proven to be 13 dBm for 1-dB
performance degradation.

The characterized substrate model provides simplified sub-
strate networks for the common single guard ring structures,
which can be utilized for further studies on substrate coupling
issues. In addition, the experimental results of various isolation
schemes provide useful information about choosing a proper
one under different design considerations.

In conclusion, this is the first active substrate noise sup-
pression circuit with wideband characteristics that has ever
proposed with measurement results. The area requirement
and power consumption are the smallest, compared to any
other previous studies as referenced to the best of the authors’
knowledge. Moreover, the proposed circuit benefits from better
performance and lower power consumption as the technology
scales down. Therefore, the proposed active guarding circuit is
very suitable for future applications in the industry of highly
integrated SoC designs with continuous down-scaling CMOS
technology.
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