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Noise Design of Active Feedback Resonator BEF

Youhei Ishikawa, Member, IEEE, Sadao Yamashita, and Seiji Hidaka

Abstract—Active feedback resonator (AFR) filters can be used
in design techniques for conventional passive microwave filters
by introducing the noise temperature of a resonator. The noise
figure (NF) of AFR filters can be analytically designed by using
noise temperature. In this paper, three-pole AFR band elimi-
nation filter (BEF) is designed to evaluate the NF value. The
measured results agree well with the theoretical values.

I. INTRODUCTION

T is known that for small microwave resonators, the

unloaded @ will generally deteriorate in proportion to
the cube root of its volume [1]. The deterioration mainly
originates from the Joule loss of a microwave electromag-
netic field in a conductive shield. Several approaches us-
ing active elements or negative resistance have been in-
troduced to recover a low-Q characteristic [2]. An active
feedback resonator (AFR) [3], [4] has been proposed as a
high-Q resonator that compensates for the energy loss of
a passive resonator.

An AFR is a resonance circuit with high-Q character-
istics. In the AFR, the resonator energy loss is compen-
sated by an active feedback loop connected to the con-
ventional microwave resonator. Because the AFR contains
an active element, thermal noise should be taken into ac-
count when designing it. For this reason, the minimum
noise design is an important problem for AFR design. We
need a way to estimate the noise figure (NF) of an AFR
filter easily when it is applied for receiver design because
the NF is not negligible. However, no suitable circuit and
noise design techniques have been known for the AFR
filter design. Due to the complexity of the AFR circuit,
complicated procedures of noise analysis are needed to
evaluate the NF value.

According to circuit theory, an AFR can be expressed
as a circuit equivalent to a passive resonator by introduc-~
ing the noise temperature of the AFR [3]. It enables quan-
titative treatment of the thermal noise as well as simple
analysis of AFR, so that AFR filter design can use design
techniques for the conventional passive resonator filter.
The NF value of the AFR filter can also be evaluated by
measuring the noise temperatures of AFR’s.

First, we describe the equivalent circuit and the noise
temperature of AFR. Second, we discuss the NF analysis
and a design example for the AFR BEF. And we make a
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total evaluation of an application of AFR BEF to a re-
ceiver design. Finally, we measure the NF value of a
three-pole AFR BEF, and compared it with the theoretical
value.

II. Noise TEMPERATURE OF AFR

As Fig. 1 shows, an AFR consists of an active feedback
loop and a conventional passive resonator.

The low-noise amplifier shown in Fig. 1 will ideally
amplify only the incident power with a gain of G. The
parameters Qg and Qg denote the unloaded Q with and
without active feedback loop. The input and output ports -
of the active feedback loop are connected to the resonator
with external Q’s of Q. and Q,,.

The resonance energy is positively fed back after being
amplified by the low-noise amplifier. As a result, the AFR
compensates for the power loss in the resonator, and en-
hances the equivalent unloaded Q in the resonator.

When the phase of the active feedback loop equals an
integer times 27, the resonance frequency of AFR is kept
at the initial value and the unloaded Q is expressed by the

1 1 1 1
+

following design formula [5]:
f G
QO QOO Qel QeZ Qel Qe2

Introducing the noise temperature T,, the AFR in Fig.
1 can be expressed as the high-Q passive resonator with
the temperature 7, shown in Fig. 2.

The symbols N, and N, in Fig. 1 denote the noise power
generated at the output and input sides of the low-noise
amplifier. Here, we will define the noise temperature 7,
and T, by the following equations:

N, = GkT,B
Nb = kaB

@

where k is the Boltzmann constant and B the bandwidth.
Using the noise temperatures defined by (2) and the white
noise temperature T, (= 290 K), the noise temperature of
AFR in Fig. 2 is defined by the following equation:

o) o} < 1 G>2
T, =27, + =2 GT, - T,.
"= om0, Tt X\ TN, T
3)

If the parameters Q,, Qg, and G are specified in the
electrical design of AFR, the optimum design minimizing
the noise temperature [6] can be performed by the com-
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Fig. 1. Equivalent circuit of the AFR.
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Fig. 2. Equivalent conversion of AFR circuit.

bination of 0, and Q,, that satisfy the condition (1). This
optimum design is an extreme value problem of (3) in
which (1) is satisfied as a necessary condition, resulting
in the following simple relation:

1 G
= . @
Qel Qe2
The minimum noise temperature is expressed by
_ O G < Qo >
Tn min — T; -1 Ta- (5)
i = G 0 Quo

The first term on the right side of (5) represents the
risen noise temperature of the interior resistance in pro-
portion to the enhancement of unloaded Q, while the sec-
ond term represents the minimum noise contribution from
the amplifier.

III. Noise Design orF AFR BEF
A. NF Analysis of AFR BEF

The following describes the NF analysis of AFR BEF.
An equivalent circuit of AFR BEF is shown in Fig. 3.

In Fig. 3, fo, denotes the resonance frequency, Q.
the external Q, Qo the unloaded Q, and 7,, (I = 1, 2,

", m) the noise temperature of AFR. To clarify the
noise sources of the resonators, Fig. 3 is converted as
shown in Fig. 4.

In Fig. 4, we introduced m terminals connected to 50
 resistances with temperature of T, (I = 1, 2, © L, m).
The noise power generated at these resistances are pro-
portional to the temperatures and come out at input and
output terminals of the BEF circuit. Denoting the trans-
mission § parameter of BEF by S,; and the S parameters
from the noise sources to the output terminal by 85142
the total noise power generated at the output terminal is
expressed by the following equation:

Now = | 851 |* Ny + 1§1 [85,42|kT,B. (6)
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Fig. 4. Equivalent conversion of BEF circuit.

The signal output power S, is expressed by the trans-
mission § parameter S,; and signal input power Si,:
Sout = | SZI [ 2Sm- (7)

Using (6), (7), and the definition of NF, the NF value of
an AFR BEF is expressed as follows:

Sin/Nin >

10 log <S

out / N, out

S, 14| 2kTyB
5 |2_1+2_nl>
=1 ISZI| Nm

5 o

In the last arrangement of the equation, the incident
noise power is assumed to equal the white noise power:

Nin = NO = kToB. (9)

As shown in the above procedures, the AFR BEF can
readily be designed by expressing the AFR as a passive
resonator with the temperature 7,. Minimizing the noise
temperature of AFR enables minimum NF design for AFR
BEF.

NF

i

= 1010g<

1S5 142]°
=101 1 ——
00g< +121 |S21l

B. Design Fxample of AFR BEF

The following describes.a design example of a three-
pole AFR BEF that uses a Chebyshev filter [7]. The target
characteristics of the three-pole AFR BEF are shown in
Table 1.

The equivalent circuit of a three-pole BEF is obtained
by substituting 3 into m in Fig. 4. Table II shows example
design parameters of a three-pole AFR BEF for the ex-
periment.
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TABLE 1
TARGET CHARACTERISTICS OF THREE-POLE AFR BEF
Center frequency (f) 918.5 MHz
Attenuation at f +0.12 MHz 15.0 dB min
Insertion Loss at f +£0.43 MHz 0.15 dB max
Noise Figure at fy £0.43 MHz 1.00 dB max

TABLE II .
DESIGN PARAMETERS OF THREE-POLE AFR BEF
Pole Resonance
No. Frequency [MHz] Unloaded Q External Q
1 918.387 44 300 7390
2 918.494 47 100 4810
3 918.593 56 000 6600

The three-pole AFR BEF for the experiment is con-
structed of three sets of TM,;, mode dielectric resonators,
low-noise amplifiers, and connecting cables. The con-
struction and the main construction elements of the three-
pole AFR BEF are shown in Fig. 5 and Table III.

The calculation formula is obtained by substituting 3
into m in (8). The numerical values of S,;, S»3, S24, and
S,s required for the analysis are determined using a circuit
simulator, as shown in Fig. 6.

The NF value of the three-pole AFR BEF can theoret-
ically be calculated in accordance with (8) by using these
S parameters and measured noise temperatures of AFR’s.
When the noise temperatures of all the AFR’s are de-
signed at 2700 K, for example, the NF of the three-pole
AFR BEF is estimated by a circuit simulator as shown in
Fig. 7. The IL of the three-pole AFR BEF is also shown
in the same figure as a reference value. This simulation
result satisfies the target characteristics shown in Table 1.

C. Evaluation of AFR BEF as a Component of
a Receiver

The following describes the evaluation of the AFR BEF
as a component of a receiver. First, transmission and noise
figure characteristics of the three-pole AFR BEF are eval-
uated compared with low-Q passive BEF. Second, total
NF evaluation is made when the AFR BEF is applied to
a receiver design. The low-Q passive BEF for comparison
is an ideal Chebyshev BEF with unloaded Q of 7500 at
each port. The external Q’s have the same design values
as the three-pole AFR BEF, as shown in Table II.

The transmission characteristics of AFR BEF and
low-Q passive BEF are shown in Fig. 8.

The AFR BEF has an improved insertion loss in the
passband when compared with the low-Q passive BEF.
And more than 15 dB attenuation is obtained in the elim-
ination band.

The NF characteristics of AFR BEF and low-Q passive
BEF are calculated by using a circuit simulator, as shown
in Fig. 9. B

As Fig. 9 shows, the NF of the AFR BEF is almost the
same as that of the low-Q passive BEF in the passband.
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Fig. 5. Construction of the three-pole AFR BEF.
TABLE III
MAIN CONSTRUCTION ELEMENTS OF THE
THREE-POLE AFR BEF
Resonator ‘
Mode TM 0
Size 53 X 63 X 67 mm
er 37
Connector SMA
Cable Semi-Rigid (UTO08S)
Amplifier
Device Bipolar Transistor (25C4093)
Gain 12 dB
NF 2.6 dB (T, = 240 K)
00 T 77T " T
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Fig. 6. S parameters of the three-pole BEF introduced three terminals.
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Fig. 7. NF estimation of the three-pole AFR BEF.
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Fig. 9. NF characteristics of AFR BEF and passive BEF.

Although the NF of the AFR BEF is larger than that of
low-Q passive BEF of the elimination band, it does not
cause trouble because of the large attenuation level.

The following describes the total NF evaluation of a
receiver composed of the three-pole AFR BEF and am-
plifying circuit shown in Fig. 10.

In the receiver in Fig. 10, an input signal is filtered by
the BEF and amplified by the low-noise amplifier. The
low-noise amplifier is assumed to be an ideal circuit with
a gain of G’, noise figure of NF’. and source impedance
matched to the BEF circuit. When the receiver is con-
structed like this, the total NF of the receiver is calculated
by using the following equation:

NFy = 10 log (10"F/1° 4 (10NF/10 — 1) x 10™/'9),
(10)

As (10) shows, NF of BEF must be considered when it
is not negligible compared with NF’ of the low-noise am-
plifier.

For a realistic numerical calculation, the low-noise am-
plifier of the receiver is assumed to have the gain (G') of
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Fig. 11. Total NF of the receiver,

16 dB and noise figure (NF') of 1.5 dB. The total NF of
the receiver employing the three-pole AFR BEF is shown
in Fig. 11. The NF of the conventional receiver employ-
ing low-Q passive BEF is also shown in the same figure
for comparison.

As Fig. 11 shows, the maximum NF of the receiver
employing AFR BEF in the passband is about 2.4 dB,
which is almost the same as that of the conventional re-
ceiver. But the attenuation of the receiver employing AFR
BEF is improved in the elimination band.

IV. EXPERIMENTAL RESULTS

This section compares the theoretical values with the
experimental results of the three-pole AFR BEF that we
designed. The minimum noise design of AFR was per-
formed according to (4) and (5). The electrical length 6
= w/2 shown in Fig. 4 is determined around the center
frequency of 918.5 MHz.

The theoretical calculation requires the noise tempera-
tures of AFR’s. The following describes the noise mea-
surement procedure and results for a one-pole AFR BEF.
Fig. 12 shows the noise temperature measurement system
for a one-pole AFR BEF. A TM,;, mode dielectric reso-
nator with unloaded Q of about 7500 and low-noise am-
plifier with NF of 2.6 dB are used for this AFR [5]. As
shown in Fig. 12, isolators are inserted at both sides of
the low-noise amplifier to match the input and output
loads. This structure realizes an ideal amplifying circuit
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Fig. 12. Noise temperature measuring system for one-pole AFR BEF.

. TABLE IV
MEASURED Noise TEMPERATURE OF AFR
Noise
~ Pole No. Temperature [K]
1 2680
2740
3 2760

used in the analysis model which amplifies only the inci-
dent signal. -
When Nj, and N are assumed to be the white noise
. power Ny, the formula for the noise temperature measure-
ment is expressed by

0. O\ (Now ©  xpsgssio <\ o
T, =Ty + =2 (1 +22) ([ = % 10VFss/10 _ 1) T
"0 T 2g, Q.) \ N °

1D

where N, Nj denote the noise power measured by a
spectrum analyzer, and NF, the noise figure of the mea-
suring instruments. Table IV shows the measured noise
temperatures of AFR in accordance with (11).

The theoretical NF value of the three-pole AFR BEF
can be calculated by substituting the noise temperatures
shown in Table IV and S parameters shown in Fig. 6 into
(8). /

The following describes the NF measurement and its
results of the three-pole AFR BEF. The diagram and

external view of the NF measuring system are shown in -

Fig. 13.
The NF measurement formula for AFR BEF is ex-
pressed as the following equation:
_ |S22l2> |

| S|
(12)
“where N/, denotes the output noise power of three-pole
AFR BEF measured by a spectrum analyzer.

The measured results of insertion loss and return loss
of the three-pole AFR BEF are shown in Fig. 14.

N{)ut % 10(NFsys/10)

1
NF = 10 log <W . Ny
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Fig. 13. NF measuring system for three-pole AFR BEF.
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Fig. 14. § parameters of the three-pole AFR BEF.

The insertion loss of BEF without active feedback, that
is, low-Q passive BEF with unloaded Q of about 3500 at
each port, is also shown in Fig. 14. The magnitude of the
S parameters S, and S,, shown in (12) are measured by
Fig. 14.

The noise output power of the three-pole AFR BEF is
shown in Fig. 15.

The output noise power Ny, shown in (12) is measured
by using the result of Fig. 15. :

Fig. 16 shows the measured NF value obtained in ac-
cordance with NF measurement formula (12) and the the-
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Fig. 15. Noise outpuf of the three-pole AFR BEF.
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Fig. 16. Measured and theoretical NF values of the three-pole AFR BEF.

oretical NF value calculated in accordance with theoreti-
cal formula (8).

We find that the measured values agree with the theo-
retical value in the allowable error of noise amplitude.

V. CONCLUSIONS

In a filter design system which introduces noise tem-
perature into the AFR, AFR BEF can be designed using
techniques for the conventional passive BEF.

In this system, the passive BEF circuit used for elec-
trical design is also useful for the noise analysis of the
AFR BEF.

This analysis revealed that the NF value of the AFR
BEF is calculated from the noise temperatures of AFR’s.
The minimum NF value is obtained by minimizing these
noise temperatures.

A total NF evaluation is made when the AFR BEF is
applied in a receiver design. The results showed that the
NF of the receiver employing AFR BEF has almost the
same value as that of a conventional receiver. But the at-
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tenuation in the elimination band of the receiver is im-
proved.

The noise design of three-pole AFR BEF has been dis-
cussed in this study. It was found that the measured NF
of the three-pole AFR BEF agrees well with the theoret-
ical values deduced from the designed § parameters and
the measured noise temperatures of AFR’s.
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