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Abstract—In this paper, two types of microwave active filters 7, A 2
are studied. First we show how, using a noise wave formalism, [ =
the noise factor of three topologies of active recursive filters can = bl; Q b, EL
be effectively minimized by using appropriate unbalanced power L e e

dividers/combiners and an amplifier. A comparison between the

different topologies is given. Simulations and practical results are Fig. 1. Two-port circuit described by noise waves and scattering parameters.
presented and validate our approach. In a second part, the noise

wave formalism is applied to A/2 microstrip active filters. We

show how the appropriate choice of coupling between lines and Il. NoISE WAVE FORMALISM [1]

resonators can achieve low-noise filters. Simulations and practical  This method consists of modeling the noise of a two-
results are also presented. . o .
port device with internal noise wave generate;sand c;
Index Terms—Active filters, low noise, noise wave formalism, (see Fig. 1). These noise waves are time-varying complex

planar technology, recursive filters. correlated random variables characterized by a Hermitian
matrix. Their contribution to the scattering wavies and b,
|. INTRODUCTION can be expressed in the following manner:
HEN introducing active devices in microwave fil- b1\ _ (S Si2 a)  (a
ters, new parameters must be taken into account as by ) \Sa1 S22 o \@2 co )’

compared to microwave passive filters [2]. Some of these ) . o
parameters are the electrical and thermal stabilities, the circuit! '€ cOrrelation matrCs is given by

noise performance, the power handling behavior in general, af ad
and the dissipated power. Cs = PREPNE
In this article we use a noise wave formalism to analytically 201 12

evaluate noise figures of different types of microwave activghere the diagonal terms represent the 1-Hz bandwidth avail-
filters. The objective here is to minimize the noise figurgple noise power at the input and output ports. The off-
of each circuit to find the best topologies and structures fiagonal terms are correlation products. The matrix compo-
terms of noise performance. Two types of active filters affents are referred to as noise wave parameters.

analytically studied, simulated, and measured: The two port noise figure is then defined as
We first focus on recursive planar microwave active filters. Pet P p
For this type of filter, three topologies are studied. For each ptistlfe . 1Ls

topology, we determine the values of the input and output Fo Fo
couplings and of the gain needed to obtain a given trans{grere
function and the minimum corresponding noise factor.

We then study\ /2 microstrip planar filters whose losses are
compensated by a feedback amplifier-based loop. In this casep
we find the appropriate coupling values between the amplifier quadripole .
line section and the resonator to obtain the minimum noise

. . . We apply the noise wave technique to an ideal unilateral
factor. We illustrate our methodology with the simulated ang plifier. Referring to Fig. 2, we obtain the noise facfor

experlmerjtal results proving that _the approprlate_ choice @ the unilateral amplifier supposed to be matched tof50
the couplings can achieve low-noise bandpass filters wh . X
e analytically obtain

maintaining the same transfer function performances.

noise power at the output of the two-p@ptdue to the
source impedance;
noise power at the output of the two-pa@ptdue to the

|eal? col? 2
Fi=1+ = =Fa-nler. @)
|Gbg|?  [bgl?
Manuscript received March 30, 1998; revised September 2, 1998. In the next Section, we will use this last expression to
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Fig. 3. Flowgraph of a first-order recursive filter.
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Fig. 4. Topology of a first-order filter at microwaves using blocks matched 4 S| (dB) F (@B)
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AN
Ill. FIRST-ORDER MICROWAVE ACTIVE RECURSIVE FILTERS 0 \ 14

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) -4 / R
technology [3]. Expression (2), whergt) [y(¢)] is the input AN )
[output] of the system, shows the time-domain equation of a \

first-order structure whose flowgraph is given in Fig. 3 -8 AN Q;/B 12
[red

y(t) = aox(t) — bry(t — 7). (2)

The corresponding transfer function in thenotation is
given by (3) wherez = ¢=2/7/7

H(Z) =

-12 11
8 10 12

f(GHz)

a Fig. 6. Measured21 and noise figure of a MMIC first-order recursive filter.
(L+b12t) . .
_ o _ _ In fact, recursive response using the same concepts can
Preserving low frequency principles, implementation of thge obtained thanks to different topologies in terms of the
structure at microwaves is presented in Fig. 4 and requirgicement of the amplifier within the structure. So, the problem
three different blocks matched to 30: one delay compo- js now to know how to choose the correct gain vaftienoise
nent7, an amplifierG as a weighting parameter, and tWqactor valueF, and the two power dividers/combiners at the
power dividers/combiners for the signal summation within th@put and output of the filter, to obtain a given first-order
structure [3]. response with a minimum noise factorfatfor each topology.
Recently, this first-order filter has been implemented [3fhen, we will be able to find out the best topology.
[4] on a 100um-thick GaAs substrate using a MMIC design
process. Layout of the MMIC chip is presented in Fig. 5a. Different Topologies of Microwaves Active Recursive Filters
A 3-dB power divider/combiner is used in association with . -
P 1) Topology 1: Amplifier Placed Within the Feedback

an amplifier of gain valu_eG - 1.'316 (2.4 dB) providing I?Eranch: The first topology is given in Fig. 7. Initially we
the necessary; value. Since noise performances were ng imfr o - :
suppose@ = G,e </™/7 with GG, a positive real gain value

conS|dereq during the different design steps, we clearly Obt%{ﬂdr the delay-time of the filter. The transfer function of the
a poor noise factor of 11.7 dB at the center frequeficy= filter is then aiven b
1/(27) = 10 GHz. The noise factor of the amplifier at the 9 y
same frequency has been estimated at about 9.3 dB using a H(f)= ——1—.
CAD software. 1 =GP

Fig. 6 presents the measurggh parameter of the filter and To calculate the noise powefds and Py using the noise
the corresponding noise figure in the 8-12 GHz range.  wave formalism, we have to find the noise correlation matrix

(3)

(05485
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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 mati$x and noise
correlation matrixC's. To find the complete circuif,.; and s ,

Chet Matrices, we only have to solve the equations obtaingg) 9. Topology 3. Amplifier cascaded with a passive filter.

by reconnecting the active and passive parts of the circuit

[1]. The scattering matrix and the correlation matrix of the ) . )

passive circuit are noteH andC; (two power/divider circuits), Whereb, is the noise wave due to the source resistance at the
respectively, and are given by input port of the filter with:

0 1o alﬁg 0 |bg|2 =kT.
_ | @2tx2 0 0 062/32
= a1 s 0 0 51 2) Topology 2: Amplifier Placed Within the Forward
0 W Bife 0 Branch: The corresponding topology is given in Fig. 8.
C,=KT(I - TT') The scattering matrix and the noise correlation matrix of

the amplifier are the same as for the topology 1, only the
whereT” indicates the transposed conjugate matri@of/ is location of the amplifier has been changed within the filter
the identity matrix;Z’ is the physical temperature of the devicestructure. The transfer functioH.(f) is given by
and K is Boltzmann’s constant.

The scattering matrixs and the correlation matrix’s of Hy(f) = ﬂ
the active circuit (unilateral amplifier matched to &) are 1 -GBS
given by Using the same method as for topology 1, the noise factor
5 <0 0) of this topology atf, is given by
—\@ o —
M F2=1+< 1 )2 |c2|2+</32—/31G0>2
O — |Cl|f 01032 . Goar) b, oG, )
c2c} |2

As it has been previously done for topology A3 can be
The resulting noise wave correlation matrix of the globalxpressed in terms of; as

network is given by [1] 2
(Fa—1) B2 — G,
C(net = ACSA/ + [I|AS]Ct[I|AS]/ F2 =1+ 2 + 061062G0 )

ay

where the dagge(’) indicates the Hermitian conjugate, the 3) Topology 3: Amplifier Cascaded with a Passive Filter:

pipfg symbol (|) designates the matrix augmentatiof.is  pe’|ast topology is given in Fig. 9. In this case, we choose to
defined by cascade the amplifier with a passive filter. The corresponding
A=T,(I - STy)™* transfer functionH3z(f) is then given by

where subscript designates waves shared at the internal con- Hs(f) = Gayan .
nection between network$ and7’, and subscript designates 1 — p1fpe=2mIT
the external waves at the scattering matrix terminals.

) . To calculateFs, we use the formula of Friis, and we obtain
At f,, the central frequency of the bandpass filter, the noise

factor calculated using the noise wave formalism is then given Fy— Pyt F,-1 Pt 1—|H(H)?
by PTG, T T GIHODP
P14 </3_1>2 |e2|? n </32 - /31G0>2. with I, = (1/|H(f)|?) the noise factor of the passive filter.
ar ) |b,)? Q1o

Referring to (1),F; can also be written as function ¢, B+ Minimum Noise Factor of the Three Topologies

2 2 To calculate the minimum noise factors of the three topolo-
FL=1+ <ﬁ_1> (Fy— )G + <M) gies, we first define th& andV” parameters to set the filtering
a1 a2 performances. These performances must not be modified by
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Fig. 10. Variation of Fi as a function of 3, in the case when 0% R 0% "

Go =2,V =0.82 (R = 10),F4 = 9.3 dB. , - _ ,
Fig. 11. Variation of F» as a function of 31, in the case when
Go =2,V =0.82 (R = 10),F4 = 9.3 dB.

the improvement process of the noise factor and are defined

considering the periodic property of the transfer function [3] The fact that F, is kept constant whileG, varies is

R— [S21fmax __[S21(fo) particularly interesting in the case where we can choose
[521 |imin [S21(fo0/2)] between two amplifiers of the same noise factor but of different
with gain values. In this case the highest gain must be taken.

Moreover, it can be demonstrated thHat;,,, < F4. Indeed

=1/7
fo=1/ d(F11im — Fa) _ VI(VFs —1)+V —F4
and dF 4 VF4 '

R—-1
= Rr1 4 This expression is equal to zero whdn, is equal to
+ Fa, = (V2/(1+V)?). AsV < 1 we obtainF,, < 1 which

In order to get the same filtering performances, the threenonphysical. S@(F} 1 — F4)/dF 4 always keeps the same
topologies must be characterized by the sdmand R pa- jgn for all values offy > 1. For F; = 1 we have

rameters. With these parameters, two filters can be considered
d(F1 tim — Fa)

as equivalent even if they do not achieve the same gain at =(V-1)<0
fo- Indeed, the transfer function of the three topologies can dFy
be expressed as follows: and

H;(») oL Fiiim = Falpa=1= 0= Flim < Fa.

T1ovet
1) Minimum Noise Factor for Topology 1in this case we With this topology, we are in the case where we can obtain,
haveV = Bi5:G, = i = V/(5:G.) and o = V/(51G). at the resonance frequengy, a noise factor of the filter lower
This leads toV/G, < i < 1 with V < 1 [see (4)] and than th_e one of the amplifier used. _
G, > 1. Then, the highet7, is, the more important the range 2) Minimum Noise Factor for Topology_ 2Nith the same
of the values ofd is. For lossless couplers, we assume thgi€thod, we now calculaté> as a function ofV, f,, G,
24P =1,a2+02 =1, andff = V/G,. We then can anq FA: Aftgrwards, we evaluatng/dfil to fllnd Biopt- We
find an expression of} as a function of’, 8, G,, and F,. derive in this case that the expressmn{i‘l);m is th_e same as
An analytical study leads to determine the expressiofygf,, O ©0P0logy 1. An example ot = /() Is given in Fig. 11
for which we obtain the minimal noise factor. An example i¥‘”th th_e same v_alues fdr’, Go, andF, as for topology 1. The
given in Fig. 10 for typical values offy, V, and s derived ©ONIY difference is thatime, —o. 1> = F'4, and consequently,
from Section Ill. We can then deduge = V/(5.G.), au, 2 cannot be Iess.than the noise factor of the arr_1pI|f|er.
and a.. After the substitution of the value ¢f,o, in 71, we _ 3) Minimum Noise Factor for Topology 3n this case,
now study the variation of} as a function ofG,. It can be V=P5p= 0= V/f2 and 52 . V_/ﬁl' SOV < fu2 <1
shown that; decreases whef, increases. So the limit value With V' <'1 and G, > 1. To minimize k3 we look for the
of I, when F4 is kept constant, is given by minimum of Fp, the noise factor of the passive part (see
) Section 11I-A.3) with
G = 14+ VHFa4+1) =2V +2V/F4(1-V) o
0 —00 Fg — FA +
and G,
lim <Py We know th.ato@ + 32 =1, q% + 33 =1, anqv = 31 /.
Go—00 We then can find the expression Bf> as a function oft” and
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151, TABLE |
l ; Go > Glim =i <F3 < Fhatf,
el | Biow | B2 | F(f) | simulated
i f
13l @B) | @B) | @B) | results
i \ | topology 1]-5.12 | -0.76 | 8.46
124 3 ;
5; ! B ! topology 2 | -5.12 | -0.76 | 10.75 | figure 13
114 | ! ;’ topology 3| -1.76 | -1.76 | 9.28
! |
0t ! /
\ |
X !
a F, 1 = topology 1 topology 2 topology 3
R B O NF(@B) O NF(®B) v NF (@)
7 \ b 13.0
! ,
B5z 084 086 082 00 NGz 094 0O6 092 1
Fig. 12. Variation of F3 as a function of 3y, in this case when
G, =2,V =082, F4, = 9.3 dB.
1.0 \

$1 and calculatelF;/d3; to find Biope. We obtainﬁlopt\/V . T
An example ofF5 = f(/,) is derived in Fig. 12.
We also findfBeopt = (V/Biopt) = VV = Biopt, Fpis  10.0
minimum when the couplers are identical. Moreover, for this \\//
topology limg, . F3 = F4, leading to the same conclusion
as for topology 2. 9.0 \\//

C. Comparison of the Three Topologies

8.0
To compare the topologies, we consider that the same ’ Frequency 1.0 GHz/DIV

amplifier is used with the same noise factor and gain values
and we also consider that the three topologies are optim@;ﬂ'

13. Simulated noise figures for example & > Gun (F1 <

N - . . X < Fy atf,).
in terms of nois€//3; = B1opt) @and achieve the same filtering
performanceV.
We know that thanks to the gain value within the loop which is not possible
lim F < Fy for topology 3 with the limitation inherent to the couplers gaps.
Go—o0 Therefore, topology 1 can be considered as the best solution
GPE“OO Fy=F, for our problem.
lim Fs=F4
It can be analytically derived, thanks to the software Mapl%' Va-1I|dat|on I-Examples
V [5] that Using the microwave CAD software HP-EESofie present
three examples to validate our calculations. The elements of
Fs<F <F if 1<G,< Guim the circuits used are all ideal elements. The following tables
{ Fi<F3<F if G,>Gin represents the different values of couplifig,,; calculated to
obtain the minimum noise factor for each topology.
with 1) Example 1:G, = 1316, F4y = 93 dB, R = 5
(V = 2/3), Glim = 1.2, G, > Gijm: The values OGO, Fy,
\% FaV+D+1-V)+2/F4 and R correspond to the ones used in the filters of Section
Glim = (1-V) Fa(V+12—(V—1)? Il already realized using MMIC technology [3]. These filters
were built using topology 1 with 3-dB couplers at the input
for which I3 = Fy, = F» at f,. and output ports (see Fig. 5). The measured noise factor was

We can then say that topology 2 is the worst topology fdrl.7 dB (see Fig. 6) aff,. We notice in Table | that the
noise and that the choice between topology 1 and 3 depeﬁ)@gimum noise factor decreases down to 8.47 dB less than
on V" and the gainG, of the amplifier. Besides, an importantfor topology 1, while staying greater thai, for topologies
advantage of topology 1 is that this topology is the mogt and 3 (see Fig. 13).
interesting with regard to power handling behavior. Indeed, AS it has been demonstrated before, whe® >
the amplifier is placed within the feedback branch and seesGatm; F1 < F3 < F at fo.
its input less power than when connected directly at the input
of topology 3. Moreover, better selectivity can be achieved!Hp-EEsof, Libra reference manual.
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Topologyt Topology2 Topology3 topology 1 topology 2 topology 3
D3é2.1] OzéZ.‘l] V3é2.1] O NF(dB) O NF (dB) V NF (dB)

16.0 \ /

VAR NN .
RN/
\\ | \N

Frequency 1.0 GHz/DIV

Fig. 15. Simulated noise figures for example 2:

-10.0 Go < Giim (F3 < F1 < Fy at f,).

W/
/|

Frequency 1.0 GHz/DIV

Fig. 14. Simulated response for example 1. TABLE 1l
Go > Gum (1 < F3 < Fy)

TABLE I Biopt B, F(f,) | simulated
Go < Gim (Fs < 11 < F2) @B) | @B) | @B) | results

Biow | B2 | F(fo) | simulated topology 1 | -7.47 | -029 | 8.1
(@B) [ @B) f (dB) | results topology 2 | 747 | -0.29 | 10.07 | figure 16

topology 3 | -0.87 | -0.87 | 9.28
topology 2 | -3.88 | -0.25 | 11.44 | figure 15 =

topology 1] -3.88 | -0.25 | 10.2

topology 31-0.87 | -0.87 | 9.35

topology 1 topology 2 topology 3
O NF(@®) 0 NF(B) v NF(@B)
Fig. 14 presents the corresponding transfer function for .
the three topologies. These transfer functions are obviously /
equivalent in terms of selectivity. 14.0
2) Example 2.Gd, = 1316, F4 = 93 dB, R = 10
(V. = 0.82), Gum = 1.8, G, < Gum: We now try to 3.0
build more selective filters with the same amplifier. We set \ /
R =10 (V = 0.82), and in this cas&?, < Gy,. This leads \
to I3 < F| < F, (see Table II). 1.0

With examples 1 and 2, using the same amplifier, we notice | %X\j%
0

that the noise factor increases when the selectivity increases.'°

This is verified for the three topologies (see Fig. 15). \’%%
3) Example 3:G, = 2,F4, = 93 dB, R = 10 °

(V= 0.82), Gim = 1.8, G, > Guu: In this case, we

keep R = 10 but we increase the gaif7, = 2), which leads ‘ Frequeacy 1.0 GHz/DIV

to G, > Gum. This shows that if the gain is increased (for th'e_i 16, Simulated noise figures for example 3

samel’,) the noise factor of the filter decreases as expectgxg > Giim (FL < Fy < Fy at f,).

(see Table ).

As expected, we find that, whe#, > Gy, Fi becomes . _
less thanF (see Fig. 16). MMIC technology (Philips microwave EDO2AH process).

This filter, whose layout is given in Fig. 17, has the same
filtering performances as the one presented in Section IIl.
E. Experimental Low Noise Active Recursive Filter Design Couplings and gain values are chosen to obtain the lowest

To experimentally validate our approach, we present ioise factor according to the analysis presented. We note

design of a first-order recursive filter using topology 1 in 2Philips microwave, EDO2AH design manual.

[=]
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547 A—|
I S, - 8,
2
B
&
% A/2 resonator
|
S, s,/
Zo
Zo
)
Fig. 19. Real schematic of active filter using a feedback amplifier-based
loop.
L C R
M M,
Zo g % %Zo
M, M,
IS
Rl

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

Fig. 17. Layout of the low-noise first-order active recursive filter. In this schematice; ande¢, are the noise waves due to the
amplifier. Resistanc®, self-inductancd., and capacitanc€
correspond to th&/2 passive resonator. THe; elementgi =
1,2,3) are mutual inductances\{; simulates the couplings
between the resonator and the filter input and output ports
while M, and A3 simulate the coupling between the resonator
and the unilateral amplifier block A matched to S0 The
noise factor obtained using the noise wave formalism can then
be put into the following form:

\ =

Fpt—r
N EARTREIVE

13.0

NF=2.1dB

|(Ma + M3G)er — Msez* (5)

oo fred 10 e where Fp = 1+ (RZ,/w?M?) is the noise figure of the

passive filter, andb, is the noise wave due to the source
impedanceZ, at the input port of the filter.

Fig. 18. Simulation results of the low-noise first-order active recursive filter. We can now m'_mm'ze the n0_|se facto_r_ln (5) by choosing
M, and M3 to satisfy the following condition:

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). My + M3G = 0. (6)
IV. A/2 MICROSTRIP PLANAR FILTERS [6] By substituting (6) into (5), the optimum noise factor of the
filter can be expressed as
A. Theatrical Background M2(&12
Fups = Fp+ |2l

The filter is constituted with &/2 microstrip planar res-
onator whose losses are compensated by an active feedba
loop as shown in Fig. 195, S5, and S3 are the coupled
lines gaps. In order to simplify the theoretical analysis of this A2
circuit, we use the. corresponding lumped element equivalent Fopo = Fp + =2 (Fa — 1)|G|%.
circuit shown in Fig. 20. My

M[b,|>
%e can also expresB,;,, as a function off’y
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TABLE IV
ExampPLES USING EQUIVALENT CIRCUIT

M | My | M, NF

(oH) | (nH) | (nH) (dB)

M;=M;G | 0.2 }0.21]0.07 2.28

M#M;G | 02 | 0.09 | 0.24 4.63
TABLE V

ExampLES UsING REAL CIRCUIT

S, S; S3 NF

(mm) | (mm) | (mm) (dB)

Mp=-M;G| 0.1 | 0.05| 0.8 22

M#M;G | 0.1 | 045 [ 0.05 10.5

M,=-M,G M, # -M,G M=MG M, #-M,G

Fig. 21. Equivalent circuit. Noise figure is minimum whéf, = —M3G.

To validate our approach, we present simulations of foaty. 23.

Fig. 22.

different examples, the two first (see Table V) using the filter

equivalent circuit(Z = 1.65 nH, C = 1.22 pF, R = 0.2 Q)

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 san%; response), thus validating

our approach.

B. Experimental Results

This active filter has been implemented on a 0.17-mm-thick

Duroid substratele,. = 2.43). The amplifier employed here

is a Mitsubishi FET transistor MGFC1423. Figs. 23 and 24

presents simulated and measufgg, S;; and noise figure of
the filter. We notice that the measured noise figurg,ahas

been lowered to 4.5 dB using our approach.

Note the good agreement between theoretical and experi-

mental results.

Fig. 24.

2491

$,<8, $>8, $,<8, $>8,

Real circuit. Noise figure is minimum whéh < Ss.

S21
S11 | B
A
NF
dB
Simulated results of planar active filter.
'\\ « dB
s11 i
dB
.
e
. | dB

Experimental results of planar active filter.
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V. CONCLUSION

In this paper, we have analytically demonstrated, nume
cally and practically verified, using a noise wave techniqu
that noise figures of various active filters can be efficient
minimized.

In the first case, we have analytically analyzed three di
ferent topologies of first-order microwave active recursi
filters using the same amplifier. We have derived the analytic
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 feedba
branch, the noise factor of the filter could even be less th
the one of the amplifier used. This result shows that recursi
structures are a promising solution to low noise filterin
problems, even better than the classical cascade of a low-nc
amplifier with a passive filter structure. We have also studie
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 studig@ microstrip resonator
filters. Our analyses lead us to conclude that the appropri
choice of the coupling values between the amplifier lin
section and the resonators could achieve a low-noise fil
when using an amplifier-based loop. We have validated ¢
approach with simulated and measured results of the optin
filter topology.
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