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Fig. 4. Comparison of measured (by a nonresonant perturbation method using
a very thin conductive wire with 20-�m diameter) and calculated (by an HFSS
code) interaction impedance for the helical SWS.

The measurement with the perturber of the smallest size of 20�m
provides the best agreement with the simulation, as shown in Fig. 4. The
largest discrepancy is within 10% at the lowest frequency and within
5% at the highest frequency. This discrepancy is noticeably less than
that found by measurements using a dielectric perturber [3]. It seems
it is the best agreement between the simulation and measurement re-
ported for the helix interaction impedance.

IV. CONCLUSIONS

In this paper, the effects of the conductive wire on the measurement
accuracy of the interaction impedance have been carried out by the non-
resonant perturbation method varying the diameter of the wire. When
the conductive wire diameter is approximately 2% of the helix diam-
eter, the discrepancy between the measured and simulated values be-
come small enough to be used for the reciprocal evaluation of soft-
ware and measurement that may be helpful in TWT design. The mea-
sured values of the interaction impedance converge to the simulated
ones when the wire diameter is reduced to less than 10% of the helix
diameter. Therefore, the measurement method using a hairline conduc-
tive wire as a perturber is superior to the commonly used methods using
a dielectric rod.
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A 7.5-GHz Super Regenerative Detector

N. B. Buchanan, V. F. Fusco, and J. A. C. Stewart

Abstract—In this paper, simulated and measured results are presented
for a microwave-integrated-circuit super regenerative detector operating
at 7.5 GHz and brief comparisons made to a monolithic-microwave inte-
grated-circuit super regenerative detector operating at 34 GHz. The sen-
sitivity of the 7.5-GHz detector was measured at 83-dBm (AM, 1 kHz,
100% mod) RF signal for 12 dB (signal+ noise+ distortion)/(noise+ dis-
tortion). Simulation results show that, to produce a sensitive super regener-
ative detector, a high rate of change in loop gain of the oscillator circuit with
respect to the gate bias (quenching) voltage and a high maximum loop gain
at the point of detection is required. It has also been shown, by simulation
and measurement, that the detection frequency of the super regenerative
detector is lower than the normal free-running oscillation frequency.

Index Terms—Microwave detectors, microwave oscillators, microwave
receivers, super regenerative detectors.

I. INTRODUCTION

The super regenerative detector operates on the direct conversion
principle where a circuit consisting of as little as one active device can
perform RF detection and demodulation, allowing the possibility of
a low component-count microwave receiver. In comparison, the more
commonly used super heterodyne detector operates by mixing the RF
signal down to a lower intermediate frequency for demodulation. This
improves performance at the expense of a higher component count,
which may be undesirable at millimeter-wave frequencies.

Theoretical explanations for super regenerative detectors have been
described in [1]–[3] and, more recently, simulation methods have been
presented in [4]. In this paper, simulated and measured results are pre-
sented for a microwave-integrated-circuit (MIC) detector operating at
7.5 GHz and brief comparisons made to a previously reported (The
Queens University of Belfast (QUB), Belfast, Northern Ireland) [5]
super regenerative monolithic-microwave integrated-circuit (MMIC)
detector operating at 34 GHz.

The super regenerative detector described here operates by applying
a signal to the gate bias connection of an oscillator at a rate called the
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Fig. 1. Layout of 7.5-GHz MIC oscillator circuit.

quench frequency. This has the effect of bringing the circuit rapidly in
and out of oscillation. Detection occurs when an amplitude modulated
signal is applied to the circuit, the demodulated signal being recovered
from the drain current. A quenching frequency at least several times
higher than the modulating frequency of the RF signal must be used
for satisfactory detection to take place. It has been previously shown
in [1]–[3] that the high amplification of the super regenerative detector
occurs at the point on the quench waveform when the oscillator is just
beginning to oscillate.

This type of sensor has applications in short-haul communication
links where a simple low-cost detector is required.

II. SUPERREGENERATIVEDETECTORDESIGNMETHODS

The small-signal open-loop gain or HP-MDS1 Oscport method was
used in HP-MDS to determine the start-up conditions for the 7.5-GHz
oscillator to be deployed as a super regenerative detector. The circuit
of Fig. 1 was simulated to obtain values of open loop gain for the os-
cillator. A gate bias point ofVGS = �0:4 V was chosen, which gave a
value ofIDS = 20 mA with VDS = 5:0 V, Fig. 2(a) indicates a loop
gain of 10 dB when the phase of the loop gain is zero. This result indi-
cates that the circuit may oscillate at this frequency point (8.36 GHz).
The oscillation start up is then confirmed by studying the Nyquist plot
of Fig. 2(b). This shows that the loop gain of the circuit encircles the
[+1; j0] point in a clockwise direction, indicating that oscillation will
occur [7].

III. M EASUREMENTSETUP

In order to measure the oscillator in a super regenerative detector
configuration, the setup of Fig. 3 was used. When the detector was mea-
sured, the amplitude-modulated RF signal was coupled to the output
port by means of a directional coupler. The demodulated signal was de-
tected by tapping off the drain current, which was observed across the
resistanceR; a value of 100
 being used in this case. This signal was
fed either into an oscilloscope or a Radio Communications Test Set,
which enabled the received signal (signal+ noise+ distortion)/(noise
+ distortion) (SINAD) to be measured.

A. Initial Measurements

The circuit was initially quenched at a frequency of 1 MHz, using
a sine-wave signal. The amplitude and dc offset of the quench wave-
form were varied until the characteristic “noise” of the detector was
observed on the audio output of the radio communications test set. A

1HP Microwave RF Des. Syst., rel. 7.0, Hewlett-Packard Company, Santa
Rosa, CA, 1997.

(a)

(b)

Fig. 2. Simulation results of Oscport analysis.

stable operating point was found where the characteristic noise was
present without requiring overcritical quench adjustments.

The characteristic quenching noise was found to be present when the
amplitude of the quench signal was increased to 1.1 V p-p with no dc
offset present. Application of a�81.5-dBm (AM, 1 kHz, 100% mod)
RF signal produced 12-dB SINAD, indicating good sensitivity. The RF
was swept to find the most sensitive input signal frequency, i.e., in this
case, 7.47 GHz. The “noise” was also present when a negative dc offset
was applied to a 1-V p-p quench signal, although this operating point
was quickly ruled out as the application of an RF signal to the detector
showed very poor sensitivity.

It was noticed that the optimum detection frequency (7.47 GHz)
was significantly lower than the simulated free-running oscillation fre-
quency of 8.36 GHz. Here it was suspected that a frequency-pushing
effect was occurring, causing the device frequency to vary with the gate
bias.

B. Effect of Quenching Conditions on Detector Operation

Varying the quench frequency to 600 kHz produced optimum sen-
sitivity at �83 dBm (AM, 1 kHz, 100% mod) for a 12-dB SINAD.
Quenching using a triangular waveform degraded the sensitivity by ap-
proximately 2 dB, while a square wave quench caused considerable
distortion; although this effect was to be expected from the discussions
in [2] and [3].

The applied RF signal level required to maintain a 12-dB SINAD is
shown in Fig. 4 as a function of quench frequency. These results show
that a broad optimum quench frequency band exists for this circuit.

C. Spectral Analysis to Determine Frequency-Pushing Effects

One well-known disadvantage of a super regenerative detector is the
radiation of unwanted signals. This is to be expected since the detector
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Fig. 3. Measurement setup for 7.5-GHz MIC super regenerative detector.

Fig. 4. Signal level required for 12-dB SINAD over various quench
frequencies.

is a quasi-oscillating circuit. Also, according to the theory of [3], when
the oscillation is occurring at full amplitude, no detection takes place,
making the output an unwanted by-product. The detectors observed by
[1]–[3] used vacuum tube devices and detection was observed to occur
at the oscillation frequency, i.e., no bias frequency pushing. The spec-
trum at the output of the detector was examined in order to determine
what additional effects occur in a detector employing a MESFET de-
vice, i.e., with potential bias pushing.

The plot of Fig. 5 shows the output spectrum of the detector when it is
working at optimum sensitivity. Here, it is observed that the frequency
of the detector varies by 0.11 GHz, indicating the circuit’s frequency is
being pushed by the gate bias (quench) voltage. This phenomenon op-
erated as follows. Varying the gate bias of this type of oscillator [6] pro-
duces a frequency-pushing effect via the nonlinear device gate–source
voltage-dependant capacitance. This causes the frequency of the oscil-
lator to vary by means of the quenching signal. The frequency at which
optimum detection sensitivity occurred is shown in Fig. 5. It was ob-
served from this that the detection does not take place at the normal
free-running oscillator frequency, but at one approximately 0.3 GHz
lower, due to the dynamic frequency-pushing effect from the quench
signal.

Fig. 5. RF spectrum of 7.5-GHz MIC super regenerative detector.

D. Comparison Between Static and Dynamic Frequency-Pushing
Characteristics

Since the MIC super regenerative detector operated at around
7.5 GHz, some of the types of measurements that have been made on
lower frequency detectors could not be repeated here. One of the most
notable of these was the inability to examine the time-domain signal on
an oscilloscope; consequently, in this section, the frequency-pushing
characteristics of the oscillator operating under a fixed dc quench
voltage (static) were measured and compared with the dynamic
characteristic. From this measurement, an approximate model of the
detection process may be produced.

The static characteristics of the detector are plotted in Fig. 6. The
arrows on the plot indicate that the measurement was carried out by
increasing the dc quench voltage. At the beginning of the measurement
(dc quench= �0.65 V) the circuit was oscillating at a frequency of
7.758 GHz. It continued to oscillate until the dc quench voltage reached
�0.35 V where a frequency of 7.744 GHz was produced. When the
oscillations ceased, a sudden change in the drain current caused the gate
voltage to rise to 0.16 V; this voltage was then required to be reduced
to�0.42 V for oscillation to recommence. The dotted-line portion of
the graph indicates this nonoscillating state. These results showed a
hysteresis effect on the static characteristics as the dc quench voltages
required to stop and start the oscillation were different.
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Fig. 6. Static quenching characteristics of 7.5-GHz super regenerative
detector.

Fig. 7. Typical RF envelopes produced from quenching the 7.5-GHz MIC
detector.

Observing the spectrum display of Fig. 5 indicates that the visible
oscillations vary between 7.65–7.76 GHz, representing a frequency
variation of 0.11 GHz for a 1.1-V p-p quench signal (0.1 GHz/V).
Also, knowing that the optimum detection takes place 0.3 GHz below
the maximum frequency of oscillation, the overall frequency-pushing
range is likely to be larger than that observed from the spectrum dis-
play.

The static characteristics indicate a frequency variation of 0.014 GHz
over a dc quench variation of 0.31 V (0.045 GHz/V). This indicates that
the frequency range possible when the circuit is dynamically quenched
is considerably higher than for the static case. The likely explanation
for this is that, in the dynamically quenched case, the oscillations con-
tinue well into the positive region of the quench cycle since it takes a
finite time for them to cease. The oscillations will again recommence
when the quench voltage becomes sufficiently negative. A typical RF
envelope that would be produced in this case is shown in Fig. 7. Here,
the oscillations commence when the quench voltage is sufficiently neg-
ative. The resulting interval of oscillation is then shown to be higher for
the dynamically quenched case due to the oscillations “running on” for
a certain time period.

This analysis has shown that oscillator start up and, hence, detec-
tion, occurs on the positive-to-negative transition of the quench wave-
form. Traditionally, valve-based detectors have been shown [1]–[3] to
detect on the negative-to-positive quench signal transition. Further sim-
ulations were carried out to the circuit in order to explain this behavior.

Fig. 8. Simulated frequency and loop gain at 0� loop-gain phase for 7.5-GHz
MIC detector.

E. Quenching-Behavior Simulation

To confirm the quenching behavior of the MESFET oscillator, small-
signal simulations were carried out on the circuit of Fig. 1 at various
gate-bias voltages using HP-MDS. These produced loop-gain plots of
a type similar to Fig. 2. At each bias point, the loop gain and frequency
were noted when the loop-gain phase was 0�. This was the point where
oscillation start up was likely to occur. These results are illustrated in
the plot of Fig. 8. A significant frequency-pushing effect with gate bias
is seen, with a frequency variation of 1 GHz being observed throughout
the simulation range (dotted trace line of Fig. 8).

An interesting effect shown in Fig. 8 is the variation in loop gain with
gate bias. The linea–bin Fig. 8 shows the loop gain at 0 dB, hence, no
oscillation should occur. Moving to the right-hand side of this line (in-
creasing gate bias), the linec–d is reached, indicating maximum loop
gain. The loop gain then falls rapidly to the linee–f, where no oscilla-
tion should occur. It has been shown that the MIC detector detects when
the oscillator starts up on the positive-to-negative quench signal tran-
sition. This relates to the period starting from linee–f, moving to max-
imum loop gain at linec–din Fig. 8. It is noticed here that the loop gain
rises considerably more rapidly between linese–fto c–d(� 70 dB/V),
compared to the region lying betweena–b to c–d(� 10 dB/V). It was
observed from practical results that quenching the circuit with a neg-
ative dc offset on the quench waveform produced poor sensitivity. In
this case, the detector would have been operating along the linea–bto
c–d, where a more gradual increase in loop gain was present.

The frequency variation observed during detection may also be ob-
served from Fig. 8. Over the regione–fto c–d, where detection was as-
sumed to occur, the frequency is seen to increase from 7.8 to 8.4 GHz.
Detection is likely to take place at a point slightly to the left-hand side
of line e–f since, here, the maximum rate of change of loop gain of
70 dB/V occurs. This is followed by oscillation at an increasing fre-
quency as the loop gain rises. This explains why detection occurred
at a frequency lower than the oscillation frequency, as observed in the
spectrum display of Fig. 5.

A similar loop-gain analysis carried out to a 34-GHz MMIC super
regenerative detector previously reported by QUB [5] showed that the
most rapid rate of increase of the loop gain occurred on the nega-
tive-to-positive transition of the gate-bias voltage, opposite to that of
the 7.5-GHz detector. These simulations were confirmed by measure-
ment where both detectors were found to produce optimum perfor-
mance under opposite quenching conditions.

The simulated rate of change of loop gain for the 34-GHz MMIC
detector (15 dB/V) was observed to be less than that of the 7.5-GHz
MIC (70 dB/V), also the maximum loop gain of the 34-GHz MMIC
(2.25 dB) was significantly less than the 7.5-GHz MIC (20.5 dB). This
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Fig. 9. 7.5-GHz MIC detector time-domain simulation.

provided an explanation as to why the 34-GHz MMIC detector reported
in [5] was 22 dB less sensitive than the 7.5-GHz MIC. This also agrees
with the theory of [3] since the MMIC has a lower loop gain; hence,
less regeneration is present in the circuit, giving poorer sensitivity.

Therefore, to obtain a sensitive super regenerative detector, the
quench voltage should be adjusted at a point where the rate of change
of loop gain (or negative resistance) rises most rapidly at oscillator
start up. This observation may also have design implications, as
circuits could be designed specifically to possess a sharp rise in loop
gain. Also, from the simulation results, it could be determined what
type of quench waveform would be required for optimum sensitivity.

F. Time-Domain Analysis of RF Envelope

To determine the behavior of the super regenerative detector circuit
under actual quenching conditions, a time-domain simulation using
HP-MDS was carried out. To be able to simulate several quench
cycles while maintaining the total number of time steps below CPU
and memory restrictions, a sinusoidal quench frequency of 25 MHz
was used instead of the measured 1-MHz range. Two simulations
were carried out: one with no applied RF signal and another with a
�40-dBm 8-GHz signal applied to the output port. The simulation
result of Fig. 9 show that the oscillations are slightly advanced in the
presence of an external RF signal, correlating with the findings of
[1]–[3]. Another observation is that the oscillations show the effect
of the dynamic quenching, as illustrated in Fig. 7. Fig. 9 shows the
oscillations beginning to commence at a quench voltage of�0.3 V and
not ceasing fully until the quench voltage has reached 0.6 V, indicating
the oscillations to “run on” slightly when dynamically quenched.

IV. CONCLUSIONS

Results have been reported in this paper for a MIC detector operating
at 7.5 GHz and comparisons made with a 34-GHz MMIC detector [5].
The 7.5-GHz detector was measured to detect a�83-dBm (AM, 1 kHz,
100% mod) RF signal for 12-dB SINAD compared to�61 dBm in the
34-GHz case. An optimum quenching frequency was found experimen-
tally, which agreed with the findings of [2] and [3]. A spectrum display
showed the detection frequency to be lower than the normal free-run-
ning frequency of the oscillator by typically 0.3 GHz. This was caused
by the frequency-pushing effect of the quench signal applied to the gate
of the active device, which was confirmed by small-signal loop-gain
analysis.

Simulation of the loop gain and measured results of the 7.5- and
34-GHz super regenerative detectors has devised a design philosophy.
Namely, the requirement for a sensitive detector to have a high rate of
increase in loop gain and a high overall maximum loop gain at the point
of detection.
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An Improved Prediction of Series Resistance in Spiral
Inductor Modeling With Eddy-Current Effect

Ban-Leong Ooi, Dao-Xian Xu, Pang-Shyan Kooi, and Fu-Jiang Lin

Abstract—Based on Kuhn’s earlier study on current crowding, an im-
proved expression incorporating the skin effect for the prediction of series
resistance in spiral inductor modeling has been derived. A modified model
for the spiral inductor, which accounts for the eddy-current effect, is thus
proposed. Relatively good agreements between the measured data and the
results generated from the model are obtained.

Index Terms—Deembedding, eddy current, quality factor, series
resistance, skin effect, spiral inductor.

I. INTRODUCTION

The eddy current, which has a significant effect on the inductance
of a monolithic-microwave integrated-circuit (MMIC) spiral inductor,
manifests itself not only as skin effect, but also as a proximity effect.
At around 1 GHz, it is demonstrated in [1] that the proximity effect be-
tween the turns of a MMIC spiral inductor (normally on the cross sec-
tion of the inductor where the width of the metallic trace is relatively
much larger than the thickness) that are in the same plane can be ne-
glected. For frequency below 2 GHz, the skin effect is relatively small
in most instances since the metallic trace thickness is typically less than
or equal to the skin depth. For frequency above 2 GHz, the resistance
increases as the skin effect becomes more prominent [2]. In general,
all these effects should be included in the inductor circuit modeling.
However, to date, this major current crowding mechanism is missing
in the conventional inductor equivalent-circuit modeling [3]–[7]. The
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