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Abstract—In this paper, two types of microwave active filters
are studied. First we show how, using a noise wave formalism,
the noise factor of three topologies of active recursive filters can
be effectively minimized by using appropriate unbalanced power
dividers/combiners and an amplifier. A comparison between the
different topologies is given. Simulations and practical results are
presented and validate our approach. In a second part, the noise
wave formalism is applied to �=2 microstrip active filters. We
show how the appropriate choice of coupling between lines and
resonators can achieve low-noise filters. Simulations and practical
results are also presented.

Index Terms—Active filters, low noise, noise wave formalism,
planar technology, recursive filters.

I. INTRODUCTION

W HEN introducing active devices in microwave fil-
ters, new parameters must be taken into account as

compared to microwave passive filters [2]. Some of these
parameters are the electrical and thermal stabilities, the circuit
noise performance, the power handling behavior in general,
and the dissipated power.

In this article we use a noise wave formalism to analytically
evaluate noise figures of different types of microwave active
filters. The objective here is to minimize the noise figure
of each circuit to find the best topologies and structures in
terms of noise performance. Two types of active filters are
analytically studied, simulated, and measured:

We first focus on recursive planar microwave active filters.
For this type of filter, three topologies are studied. For each
topology, we determine the values of the input and output
couplings and of the gain needed to obtain a given transfer
function and the minimum corresponding noise factor.

We then study microstrip planar filters whose losses are
compensated by a feedback amplifier-based loop. In this case,
we find the appropriate coupling values between the amplifier
line section and the resonator to obtain the minimum noise
factor. We illustrate our methodology with the simulated and
experimental results proving that the appropriate choice of
the couplings can achieve low-noise bandpass filters while
maintaining the same transfer function performances.
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Fig. 1. Two-port circuit described by noise waves and scattering parameters.

II. NOISE WAVE FORMALISM [1]

This method consists of modeling the noise of a two-
port device with internal noise wave generators and
(see Fig. 1). These noise waves are time-varying complex
correlated random variables characterized by a Hermitian
matrix. Their contribution to the scattering waves and
can be expressed in the following manner:

The correlation matrix is given by

where the diagonal terms represent the 1-Hz bandwidth avail-
able noise power at the input and output ports. The off-
diagonal terms are correlation products. The matrix compo-
nents are referred to as noise wave parameters.

The two port noise figure is then defined as

where

noise power at the output of the two-portdue to the
source impedance;
noise power at the output of the two-portdue to the
quadripole

We apply the noise wave technique to an ideal unilateral
amplifier. Referring to Fig. 2, we obtain the noise factor
of the unilateral amplifier supposed to be matched to 50
We analytically obtain

(1)

In the next Section, we will use this last expression to
calculate the noise factor of our filters as a function of the
noise factor of the amplifier
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Fig. 2. Noise wave formalism applied to a unilateral amplifier matched to
50 
:

Fig. 3. Flowgraph of a first-order recursive filter.

Fig. 4. Topology of a first-order filter at microwaves using blocks matched
to 50 
:

III. FIRST-ORDER MICROWAVE ACTIVE RECURSIVE FILTERS

Feasibility of first-order recursive filters, derived from dig-
ital low frequency concepts, is now well established both in
hybrid and monolithic microwave integrated circuit (MMIC)
technology [3]. Expression (2), where is the input
[output] of the system, shows the time-domain equation of a
first-order structure whose flowgraph is given in Fig. 3

(2)

The corresponding transfer function in the-notation is
given by (3) where

(3)

Preserving low frequency principles, implementation of the
structure at microwaves is presented in Fig. 4 and requires
three different blocks matched to 50: one delay compo-
nent , an amplifier as a weighting parameter, and two
power dividers/combiners for the signal summation within the
structure [3].

Recently, this first-order filter has been implemented [3],
[4] on a 100- m-thick GaAs substrate using a MMIC design
process. Layout of the MMIC chip is presented in Fig. 5.
A 3-dB power divider/combiner is used in association with
an amplifier of gain value (2.4 dB) providing
the necessary value. Since noise performances were not
considered during the different design steps, we clearly obtain
a poor noise factor of 11.7 dB at the center frequency

GHz. The noise factor of the amplifier at the
same frequency has been estimated at about 9.3 dB using a
CAD software.

Fig. 6 presents the measured parameter of the filter and
the corresponding noise figure in the 8–12 GHz range.

Fig. 5. Layout of the first-order active recursive filter (GaAs substrate 2�

2 mm).

Fig. 6. MeasuredS21 and noise figure of a MMIC first-order recursive filter.

In fact, recursive response using the same concepts can
be obtained thanks to different topologies in terms of the
placement of the amplifier within the structure. So, the problem
is now to know how to choose the correct gain value, noise
factor value , and the two power dividers/combiners at the
input and output of the filter, to obtain a given first-order
response with a minimum noise factor atfor each topology.
Then, we will be able to find out the best topology.

A. Different Topologies of Microwaves Active Recursive Filters

1) Topology 1: Amplifier Placed Within the Feedback
Branch: The first topology is given in Fig. 7. Initially we
suppose with a positive real gain value
and the delay-time of the filter. The transfer function of the
filter is then given by

To calculate the noise powers and using the noise
wave formalism, we have to find the noise correlation matrix
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Fig. 7. Topology 1. Amplifier placed within the feedback branch.

of the circuit. To do this, the global circuit is first divided
into active and passive subcircuits. Each of these elements
is characterized by its own scattering matrix and noise
correlation matrix To find the complete circuit and

matrices, we only have to solve the equations obtained
by reconnecting the active and passive parts of the circuit
[1]. The scattering matrix and the correlation matrix of the
passive circuit are noted and (two power/divider circuits),
respectively, and are given by

where indicates the transposed conjugate matrix of is
the identity matrix, is the physical temperature of the device,
and is Boltzmann’s constant.

The scattering matrix and the correlation matrix of
the active circuit (unilateral amplifier matched to 50) are
given by

The resulting noise wave correlation matrix of the global
network is given by [1]

where the dagger indicates the Hermitian conjugate, the
pipe symbol designates the matrix augmentation. is
defined by

where subscript designates waves shared at the internal con-
nection between networks and , and subscript designates
the external waves at the scattering matrix terminals.

At , the central frequency of the bandpass filter, the noise
factor calculated using the noise wave formalism is then given
by

Referring to (1), can also be written as function of

Fig. 8. Topology 2. Amplifier placed within the forward branch.

Fig. 9. Topology 3. Amplifier cascaded with a passive filter.

where is the noise wave due to the source resistance at the
input port of the filter with:

2) Topology 2: Amplifier Placed Within the Forward
Branch: The corresponding topology is given in Fig. 8.
The scattering matrix and the noise correlation matrix of
the amplifier are the same as for the topology 1, only the
location of the amplifier has been changed within the filter
structure. The transfer function is given by

Using the same method as for topology 1, the noise factor
of this topology at is given by

As it has been previously done for topology 1, can be
expressed in terms of as

3) Topology 3: Amplifier Cascaded with a Passive Filter:
The last topology is given in Fig. 9. In this case, we choose to
cascade the amplifier with a passive filter. The corresponding
transfer function is then given by

To calculate , we use the formula of Friis, and we obtain

with the noise factor of the passive filter.

B. Minimum Noise Factor of the Three Topologies

To calculate the minimum noise factors of the three topolo-
gies, we first define the and parameters to set the filtering
performances. These performances must not be modified by
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Fig. 10. Variation of F1 as a function of �1 in the case when
Go = 2; V = 0:82 (R = 10); FA = 9:3 dB.

the improvement process of the noise factor and are defined
considering the periodic property of the transfer function [3]

with

and

(4)

In order to get the same filtering performances, the three
topologies must be characterized by the sameand pa-
rameters. With these parameters, two filters can be considered
as equivalent even if they do not achieve the same gain at

Indeed, the transfer function of the three topologies can
be expressed as follows:

1) Minimum Noise Factor for Topology 1:In this case we
have and
This leads to with [see (4)] and

Then, the higher is, the more important the range
of the values of is. For lossless couplers, we assume that

and We then can
find an expression of as a function of and
An analytical study leads to determine the expression of ,
for which we obtain the minimal noise factor. An example is
given in Fig. 10 for typical values of and derived
from Section III. We can then deduce
and After the substitution of the value of in , we
now study the variation of as a function of It can be
shown that decreases when increases. So the limit value
of , when is kept constant, is given by

and

Fig. 11. Variation of F2 as a function of �1, in the case when
Go = 2; V = 0:82 (R = 10);FA = 9:3 dB.

The fact that is kept constant while varies is
particularly interesting in the case where we can choose
between two amplifiers of the same noise factor but of different
gain values. In this case the highest gain must be taken.
Moreover, it can be demonstrated that Indeed

This expression is equal to zero when is equal to
As we obtain which

is nonphysical. So always keeps the same
sign for all values of For we have

and

With this topology, we are in the case where we can obtain,
at the resonance frequency, a noise factor of the filter lower
than the one of the amplifier used.

2) Minimum Noise Factor for Topology 2:With the same
method, we now calculate as a function of
and Afterwards, we evaluate to find We
derive in this case that the expression of is the same as
for topology 1. An example of is given in Fig. 11
with the same values for and as for topology 1. The
only difference is that and consequently,

cannot be less than the noise factor of the amplifier.
3) Minimum Noise Factor for Topology 3:In this case,

and So
with and To minimize we look for the
minimum of , the noise factor of the passive part (see
Section III-A.3) with

We know that and
We then can find the expression of as a function of and
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Fig. 12. Variation of F3 as a function of �1, in this case when
Go = 2; V = 0:82; FA = 9:3 dB.

and calculate to find We obtain
An example of is derived in Fig. 12.

We also find is
minimum when the couplers are identical. Moreover, for this
topology, , leading to the same conclusion
as for topology 2.

C. Comparison of the Three Topologies

To compare the topologies, we consider that the same
amplifier is used with the same noise factor and gain values
and we also consider that the three topologies are optimum
in terms of noise and achieve the same filtering
performance .

We know that

It can be analytically derived, thanks to the software Maple
V [5] that

if
if

with

for which at
We can then say that topology 2 is the worst topology for

noise and that the choice between topology 1 and 3 depends
on and the gain of the amplifier. Besides, an important
advantage of topology 1 is that this topology is the most
interesting with regard to power handling behavior. Indeed,
the amplifier is placed within the feedback branch and sees at
its input less power than when connected directly at the input
of topology 3. Moreover, better selectivity can be achieved

TABLE I
Go > Glim ) F1 < F3 < F2 AT fo

Fig. 13. Simulated noise figures for example 1:Go > Glim (F1 <

F3 < F2 at fo):

thanks to the gain value within the loop which is not possible
for topology 3 with the limitation inherent to the couplers gaps.
Therefore, topology 1 can be considered as the best solution
for our problem.

D. Validation Examples

Using the microwave CAD software HP-EEsof,1 we present
three examples to validate our calculations. The elements of
the circuits used are all ideal elements. The following tables
represents the different values of coupling calculated to
obtain the minimum noise factor for each topology.

1) Example 1: dB,
The values of

and correspond to the ones used in the filters of Section
III already realized using MMIC technology [3]. These filters
were built using topology 1 with 3-dB couplers at the input
and output ports (see Fig. 5). The measured noise factor was
11.7 dB (see Fig. 6) at We notice in Table I that the
optimum noise factor decreases down to 8.47 dB less than
for topology 1, while staying greater than for topologies
2 and 3 (see Fig. 13).

As it has been demonstrated before, when
at

1HP-EEsof, Libra reference manual.
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Fig. 14. Simulated response for example 1.

TABLE II
Go < Glim (F3 < F1 < F2)

Fig. 14 presents the corresponding transfer function for
the three topologies. These transfer functions are obviously
equivalent in terms of selectivity.

2) Example 2: dB,
: We now try to

build more selective filters with the same amplifier. We set
and in this case This leads

to (see Table II).
With examples 1 and 2, using the same amplifier, we notice

that the noise factor increases when the selectivity increases.
This is verified for the three topologies (see Fig. 15).

3) Example 3: dB,
: In this case, we

keep but we increase the gain , which leads
to This shows that if the gain is increased (for the
same ) the noise factor of the filter decreases as expected
(see Table III).

As expected, we find that, when becomes
less than (see Fig. 16).

E. Experimental Low Noise Active Recursive Filter Design

To experimentally validate our approach, we present the
design of a first-order recursive filter using topology 1 in

Fig. 15. Simulated noise figures for example 2:
Go < Glim (F3 < F1 < F2 at fo):

TABLE III
Go > Glim (F1 < F3 < F2)

Fig. 16. Simulated noise figures for example 3:
Go > Glim (F1 < F3 < F2 at fo):

MMIC technology (Philips microwave ED02AH process).2

This filter, whose layout is given in Fig. 17, has the same
filtering performances as the one presented in Section III.
Couplings and gain values are chosen to obtain the lowest
noise factor according to the analysis presented. We note

2Philips microwave, ED02AH design manual.
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Fig. 17. Layout of the low-noise first-order active recursive filter.

Fig. 18. Simulation results of the low-noise first-order active recursive filter.

that the noise figure is now equal to 2.1 dB (see Fig. 18)
as compared to the initial 11.7 dB (see Fig. 6).

IV. MICROSTRIPPLANAR FILTERS [6]

A. Theatrical Background

The filter is constituted with a microstrip planar res-
onator whose losses are compensated by an active feedback
loop as shown in Fig. 19. and are the coupled
lines gaps. In order to simplify the theoretical analysis of this
circuit, we use the corresponding lumped element equivalent
circuit shown in Fig. 20.

Fig. 19. Real schematic of active filter using a feedback amplifier-based
loop.

Fig. 20. Electrical equivalent circuit of the active filter using a feedback
amplifier-based loop.

In this schematic, and are the noise waves due to the
amplifier. Resistance , self-inductance , and capacitance
correspond to the passive resonator. The elements

are mutual inductances. simulates the couplings
between the resonator and the filter input and output ports
while and simulate the coupling between the resonator
and the unilateral amplifier block A matched to 50 The
noise factor obtained using the noise wave formalism can then
be put into the following form:

(5)

where is the noise figure of the
passive filter, and is the noise wave due to the source
impedance at the input port of the filter.

We can now minimize the noise factor in (5) by choosing
and to satisfy the following condition:

(6)

By substituting (6) into (5), the optimum noise factor of the
filter can be expressed as

We can also express as a function of
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TABLE IV
EXAMPLES USING EQUIVALENT CIRCUIT

TABLE V
EXAMPLES USING REAL CIRCUIT

Fig. 21. Equivalent circuit. Noise figure is minimum whenM2 = �M3G:

To validate our approach, we present simulations of four
different examples, the two first (see Table IV) using the filter
equivalent circuit nH, pF,
and the others using real microstrip elements (see Table V).

The corresponding simulation results for the equivalent cir-
cuit and real circuit are given in Figs. 21 and 22, respectively.

Note in Figs. 21 and 22 that the process of minimizing the
noise factors of the filters is done while keeping the same
filtering performances (the same response), thus validating
our approach.

B. Experimental Results

This active filter has been implemented on a 0.17-mm-thick
Duroid substrate The amplifier employed here
is a Mitsubishi FET transistor MGFC1423. Figs. 23 and 24
presents simulated and measured and noise figure of
the filter. We notice that the measured noise figure athas
been lowered to 4.5 dB using our approach.

Note the good agreement between theoretical and experi-
mental results.

Fig. 22. Real circuit. Noise figure is minimum whenS2 < S3:

Fig. 23. Simulated results of planar active filter.

Fig. 24. Experimental results of planar active filter.
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V. CONCLUSION

In this paper, we have analytically demonstrated, numeri-
cally and practically verified, using a noise wave technique,
that noise figures of various active filters can be efficiently
minimized.

In the first case, we have analytically analyzed three dif-
ferent topologies of first-order microwave active recursive
filters using the same amplifier. We have derived the analytical
expressions of the noise factor for each topology and validated
our results with the measurement of a MMIC recursive chip.
We have also shown, for each topology, the existence of
optimal coupling values, for which we achieve minimum noise
factors.

The most important result is that, with the first of the
three topologies, when the amplifier is placed in the feedback
branch, the noise factor of the filter could even be less than
the one of the amplifier used. This result shows that recursive
structures are a promising solution to low noise filtering
problems, even better than the classical cascade of a low-noise
amplifier with a passive filter structure. We have also studied
the influence of the value of the gain upon the noise factor
of the three topologies and validated our analysis and results
with different simulated examples. This has led to the design
of a low noise recursive chip for which the noise factor has
been optimally lowered.

In the second case, we have studied microstrip resonator
filters. Our analyses lead us to conclude that the appropriate
choice of the coupling values between the amplifier line
section and the resonators could achieve a low-noise filter
when using an amplifier-based loop. We have validated our
approach with simulated and measured results of the optimal
filter topology.
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