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Design of Broad-Band Matching Network
With Lossy Junctions Using the
Real-Frequency Technique

Eric Kerherve, Pierre Jarry, and Pierre-Marie Martin

Abstract—A computer-aided design (CAD) procedure based on Zg=Ro+X;

the real-frequency technique (RFT) is introduced for treating the — ) LR X,
matching of an arbitrary load to a complex generator. In this r ]
paper, the method has been applied to the design of interstage Equalizer

matching networks for microwave active circuits. The RFT pro-

vides several advantages over most of the usual techniques. It E ‘—‘l

requires neither any transistor model because it directly includes 1

measuring scattering- and noise-parameter data, nor a prede-
termined matching-circuit topology is necessary. A low-noise Z=R+jX,

amplifier (LNA) design proceeding directly from experimental ) ) . o
data is presented. Moreover, a new idea for treating the broad- Fig. 1. Matching network with complex source and load terminations.
band matching problem leads to the use of an equalizer topology

containing cascaded transmission lines with lossy junctions. Thus, [6] have shown that the analytic theory of single and double
gain—flatness and_stab_lllty_are satlsfle_d by designing the input and matching problems is limited to simple problems (matching
the output matching circuits by the line-segment technique. An : . .
example is presented for the matching of a 0.1-5-GHz amplifier. Problems in which the generator and load networks include,
at most, one reactive element). If the number of reactive
elements increases on the load side, either the theory becomes
inaccessible or the resulting gain performances turn out to be
suboptimal and equalizers become unnecessarily complicated
or sometimes completely unrealizable. On the other hand,
in designing an active circuit, if the optimum topology is
N THE CASE of multistage microwave active-circuit depreviously unknown, the task of designing matching networks
sign, the computer-aided design (CAD) programs mugt the circuit becomes difficult with the commercially available
solve the classical matching problem: construct a Iosslq;‘&nputer programs such as HP-EESOF, Supercompact, MDS,
matChing network between a generator and a load such thaté'f@ The Optimization can prove time-consuming, tediOUS, and
transfer of power is maximized over a prescribed frequengyithout any guarantee regarding the convergence of the final
band (see Fig. 1). In the case of a single matching problepagyit. It is even worse, the greater the number of parameters
the source impedance is taken as a resistdiee = Rc) to be optimized and the wider the bandwidth. Carlin [1] was
and the load has reactive and resistive componéifis = the first to propose a numerical approach called the real-
Ry + jXi). However, the most general case is the doubffequency technique (RFT) to overcome the limitations of the
matching problem where source and load impedances agalytical methods. Unlike the analytic and conventional CAD
complex. optimization techniques, this method utilizes the measured data
In the case of the active two-port problem, the input anghtained from the physical devices to be matched and requires
output of an active device are to be respectively matchedig knowledge of an algebraic form of the transfer function
a generator and a load. In addition, matching problems gf circuit topology. Carlin and Yarman [5] have presented
this sort may be complicated by other design consideratiofie theoretical basis of the well-known method when it is
such as obtaining maximum transducer power gain (TP@pplied to amplifier design. Authors have given examples
or minimum noise figure. A typical example of this kind isyhich illustrate the merits of this synthesis technique for
the design of a low-noise amplifier (LNA). Authors such agatching applied to broad-band microwave amplifier [2]-[9]
Carlin [1], Komiak, [2], Amstutz [3], [4], and Yarman [5], and to microwave active filter [11]. A previous amplifier
design [10] based on the RFT has included the noise figure
Manuscript received December 10, 1997; revised December 10, 1997. over a frequency range of 100 MHZ to 6 GHz in the objective
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This idea leads to an alternative synthesis method based r
on the RFT. Lossy junctions are introduced between the
cascaded transmission line of the equalizers [12] to offset the FC}. o
power gain at low frequencies. In this resistive matching case 50Q D E 50Q DFL
the modified RFT directly synthesizes resistances and UE’s

2

validate the new concept by designing a 0.1-5-GHz microwave
amplifier. Secondly, the technique has been extended to design
a two-stage 0.1-9-GHz broad-band amplifier.

Section Il presents a summary of the RFT theoretical fofig- 2. RFT for double-matching problems.
mulation. In Section lll, the technique has been successfully
modified and then incorporated into a CAD program to realize R Ly Cg
the matching networks of an LNA. Section IV presents a
new formalism to design broad-band microwave amplifier and
gives the associated synthesis. In Section V, two broad-band
amplifiers were designed and built using the new technique
and the laboratory measurements are presented.

Both gain—flatness and stability are satisfied. Firstly, we only \—@ i“l
(<]

€1

2

open circuit
open circuit stub
Il. REAL-FREQUENCY MATCHING VIA SCATTERING APPROACH stub
The numerical approach called the real-frequency or line- v
segment technique was introduced [2] to overcome the limi- Vg
tations of the analytical methods when applied to the single- C TC
matching problem. Using only measured two-port active de- ° T PY

vice data, the Carlin method consists of generating a p
itive real (PR) impedanceZ, = R,(w) + jX,(w) looking
into a resistively terminated lossless matching network. This
impedance is assumed to be a minimum reactance function so
as to be able to determin&,(w) uniquely from R,(w) by

a Hilbert transformation. In this manner, the TPG function At microwave frequencies, many transistors are potentially
of Z; and Z; has only one unknowrR,, which is com- unstable and are virtually impossible to match over large
puted by using a set of line segments to approximate thandwidths. This is mainly due to the high input reflection co-
desired TPG bandpass respongg(w) is approximated by efficient and to the high gain of the device. Resistive feedback
a realizable rational function (describing a ladder networky lossy matching reduce terminal impedances and stabilize
for example) which fits the computed data. Finally, is the transistor [13]. A solution integrating both methods has
synthesized using the Darlington procedure as a lossless tween adopted in our case. The transistor is thus embedded in
port with a resistive termination. Despite several attempts,atnetwork including a parallel feedback lodRr, Ly, Cr),

has not proved convenient to apply this method to the doubke-drain and gate series inductandés, Ls), and two bias
matching problem. The potential power of the RFT led toircuits to form an elementary module termed the transistor
the development of a new numerical synthesis procedure fieedback block (TFB) (Fig. 3).

Yarman and Carlin [5], which has all the merits of the line- The multistage synthesis method outlined in the following
segment technique. In double-matching, the final result of teection is applied, with the TFB replacing the transistor as the
new procedure is an optimized, physically realizable, and unitetive element. The extraction of lumped-element topologies
normalized reflection coefficient;; (p) wherep = ¢ + jw, of the ladder form using the Darlington procedure [14] has
which describes the equalizer alone. The equalizer is pladaekn described in [11]. We shall detail the synthesis procedure
between a complex sourcB; and complex loadl'y, as based on the RFT using the Richards’ transformatien ;<2
shown in Fig. 2. Ife;;(p) is appropriately determined, thenfor the extraction of the distributed commensurate transmission
the equalizerE may be synthesized using the Darlingtotines. In the case of the double matching problem, it has been
theorem, which states that any bounded real (BR) reflectishown [15] that the scattering parameters of an equalizer
coefficiente;; (p) is realizable as a lossless reciprocal twoean be completely determined from the numerator polynomial
port terminated in a pure resistance and a ladder-type netwéfk) of the input reflectione;; (¢). The insertion gain of a

Q%.3. TFB diagram.

«Q

Ill. FORMALISM TO NARROW-BAND
LOSSLESSMATCHING PROBLEM

may be extracted. cascaded lossless transmission lines may be described [16] as
This method has the further advantages of generality, beiagatio of two even-power polynomials &t

applicable to all matching problems, and universality, as it (1—¢2)n

involves neither equalizer values nor a predefined equalizer e12(t)er2(—t) = m <1 Q)

topology. The simple formalism of this technique allows us,
without complex calculations, to optimize many performanoghere P, (—t?) is an even-power polynomial function of
parameters of single and multistage microwave active circuittiegree2n in t. £ is assumed to be a ladder network, thus
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Fig. 4. Multistage microwave amplifier.

the scattering parameters are given as follows (Belevitdormalized resistive terminations [Fig. 4]). Next, the interstage
representation): equalizerE, is synthesized with the second transistor stage
in place and we optimize (9). This last step is repeated for

h(t)  ho+hit+ -4 h,t” each k successive transistor stage. Once fib TPG has

e11(t) = —=< ()

gt)  goHgit+ -+ gat® been computed, the output equaliz8;,; (Fig. 4) is added

(1= $2)r=a/2 between the last transistor output and load impedahcand

e12(t) = e (t) = T (3) synthesized by optimizing the overall gaif{w) defined by

(20):
h(t
en(t) =0 @

T =(1-|0g[HG: (8)

wheren is the number of cascaded unit elements (UE’s) of the T =T1G> 9
matching network ang is the number of open circuit shunt T=(T\Ts Grp1). (10)

stubs in a low-pass topology. The polynomjét) is generated

as a Hurtwitz polynomial by the factorization of _ _ _
Using the same method, we are able to define the noise

) ) figure and the VSWR’s of the multistage microwave amplifier.
le11 (812 + ez () = 1.
B. Synthesis with Distributed Commensurate

Thus, the physical realizability of the matching network iFransmission Lines

already built into the procedure. To obtain the scattering The method used to calculate the characteristic impedances
parameters ofE it is, therefore, sufficient to generate they cascaded commensurate lines (specified for simplicity in

Hurwitz denominator polynomiaj(¢) from h(#). We are now e Y formulation), is now briefly outlined. The Richards’

in a position to obtain the parameters of the equalizer. In [1{}oqrem states, in a manner analogous to the Darlington
the RFT algorithm has been detailed in the case of distributgghorem [14], that the driving point impedangg(t) of a UE

UE matching-network design. Knowing;(t), we compute o characteristic impedancg and terminated with a rational

the TPG, input and output VSWR's, and noise figure, and v impedanceZ, () is both rational and PR [Fig. 5(a)].
create the objective function including the desired parameterseyianded to a cascade afUE’s [Fig. 5(b)], we obtain
of the amplifier. '

Z(t) — tZ(1)

Z1(t) = Zo(1) Z0) = 12(0)

11
A. A Sequential Procedure for Designing a LNA (1)
Referring to Fig. 4, the TPG for the firétcascaded stages

sinceZy(1) = z;. Then we apply the generalized form of (11
active circuit is computed with (6) old) = 21 PPy I (D

to deal with thejth equalizer, varying from 2 ton as follows:

Vi) _ Zj—alt) —tzj

B =Tii1Ga ©) LoD =070 T o — ()
J— “j— i

_ |ear] [ S21x)? )
11— e1algrl?|1 — S1alsr]? Each time we extract a UE from the polynomial ratio, the order
of Z;_, decreases. In practice, this is ensured by dividing the

T is the gain of the firstk — 1) stages with normalized Umerator and denominator of (12) by — #%). Thus,
resistive terminationsie;; ), are the scattering parameters of Vi (8)/(1 = 2)

the kth equalizerEy, and(S;;); are the scattering parameters Z;_1(t) = W (13)
of the kth transistor with bias networks. The design of a j-1()/(1 = 12)

multistage microwave active circuit is realized as the followinginaly,

procedure. First, we only synthesize the input equaliZer

by optimizing (8) (we only consider the first transistor with 2j = Zj_1. (14)

(12)

Gk
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Fig. 5. (a) Diagram for derivation of the Richards’ theorem. (b) Richards’ theorem applied to a cascade of UE.
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Fig. 6. n cascaded transmission-line network with lossy junctions.
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Fig. 8. Parallel connection of real and image networks.

The described procedure has been applied to the designTblis, the scattering-parameter TPG are now given by [19] as
14-14.5-GHz transmission-line LNA’s. The obtained resulfsllows:
are given in Section V.

Gll(t) = h(—g (17)
IV. FORMALISM TO MATCHING WITH LOSSY JUNCTIONS g
Glg(t) = Ggl(t)
A. Design Theory - (1— )"/ (18)
For the broad-band amplifier, the matching-network topol- 9(t)
ogy is modified introducing lossy junctions in cascaded trans- ean(t) = _h —t) (19)
mission line N network (Fig. 6). The mathematics concept g(t)

[12] termedimage networkis applied to thereal network _

(Fig. 7). The parallel connection of these networks results YWere h(t) = a(t) + p(t) and h(t) = oft) — B(t). «(t)

a purely reactive two-port (Fig. 8). is an even polynomial an@(¢) is an odd polynomial. The
Based on (15), wheré is the identity matrix,5 and'S the polynomial g(¢) is obtained by the factorization of (20) or

scattering matrix ofV and NV networks, (16) is obtained ~ (21). ¢;;(t) are theS-parameters of the image TPG:

I-S5" =0 (15) el et + esreat =1 (20)
S11811 + S22 =1. (16) g()g(=t) =h(h(=t) + (1 ="  (21)




246 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 3, MARCH 1998

u.e. r u.e.

. {:i# N E%f%

Zon ()

My

— e

|
20 Z,0

z 2n-2 (t) z 2n (t)

Zla ®

Fig. 9. Richards’ theorem applied to a cascade of UE with lossy junctions.

Fig. 10. Hybrid three-stage 14-14.5-GHz LNA.

In the case of a cascaded transmission line with lossy junctiofis,a second step, we find the roots 6f(¢). For a TPG
the RFT algorithm is similar to the one used in Section lllwith only transmission lines, the roots are conjugate and
Thus, to construct the red-parameters fronk(t) and g(¢) symmetrical to the imaginary axis and in the case of resistive
using (21), we firstly generate the polynomial equalizers, the roots are still conjugate, but are no longer
symmetrical. Finally, we choose the left half-plane @ft)
G(t) = g(t)g(=t) = Go + Gt + Got? + - 4+ Go,t?" (22) and form the polynomial(t). Knowing ¢;;(t), we compute
the TPG, input and output VSWR’s, and noise figure, and we
where create the objective functioty.

Go = % /32 +1 B. Synthesis with Distributed Commensurate
Gy =200 — 20150 Transmission Lines and Lossy Junctions

In this case, the Richards’ theorem is used to calculate

G =G We have

:(—1)i( -+ O 7o) = r1Z1(t) o4
, S A @9
+2 Z Ha g =B o)), And we apply the Richards’ theorem
oddk Zi(t) =2 25(t) +t2 (25)
Gry1 =G2iq1 21 +tZs(t)
it1 2 =21. (26)
=2 3 (-1 N1 faimjra—ariejraBio1)], We deducer; from (27) andz, from (28):
27 Z
even(k +1) L= —(Og J)r ZO(E( )) (27)
- - 2Z0( )Zo(=1) (28)
Gan = (=1)"(1 + af = B7). (23) Zo(1) = Zo(-1)’
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Fig. 11. Measured gain and noise figure performances of a 14-14.5-GHz ()
LNA. Fig. 12. (a) Schematic diagram. (b) Hybrid one-stage 100-MHz-5-GHz

amplifier.

Then we apply the generalized form of (27) and (28) to deal

with the jth equalizer,j varying from 2 ton: —— Measured gain (dB)
------ Simulated gain (dB
o 27, 5(1) Zaj—s(~1) 29 A imulated gain (dB)
T Zoja(1) + Zaj—a(-1) 107
229j—2(1)Z3j-2(=1) ]
Zi—1 = . 30
TN 2y 5(1) = Zoj (= 1) (30) 8:
Finally, 6]
Z2n ] NN D -
Tl = 7 (31) P e e el . iy
— 4L2n ]
This approach has been applied to a 100-MHz-5-GHz ampli- 1
fier and to a 100-MHz—-9-GHz multistage amplifier. 24
V. APPLICATIONS O it
0 1 2 3 4 5
A CAD program based on the RFT and the Lev- Frequency (GHz)

enberg—Marquardt optimization algorithm is applied tg. ) )
. .13, M d and lated fi f 100-MHz-5-GH
synthesize the TPG’s of an LNA and two broad—bang'ﬁp"ﬂer. castrec and simiiaied gain periormances o z ‘

amplifiers.

A. LNA biaS ‘/gs - —125 V, Vds - 3 V, and Ids - 312 mA

) ) i The gate and drain bias are the bias networks of the network

The proposed method can be applied using the Richardgq7er Fig. 12(a) shows the FET with lossy TPG's. The
transformation ¢ = j© to distributed commensuratep g implementation [Fig. 12(b)] of the input and output

transmission-line extraction [16]. This approach has be%'aualizers was made on two separate 2 @rB35-mm-thick
used in a three-stage amplifier design. A hybrid 14-14.5-GHg, mina substrate.

LNA, ha_s b?e” produced using three NEC_:24283A GaAs The measured gain performance of this amplifier is shown
FET's with biasVy, =2V and Iy, = 10 mA. Fig. 10 shows , £ig 13 together with the theoretical gain. The small-signal

the hybrid implementation on a 0.635-mm-t'h|ck al_u_m'nﬁain is 4.5 dB across the 100-MHz-5-GHz frequency range.
substrate. The measured performances of this amplifier T'Hiﬁ. 14 shows that input and output return loss are less than

shown in Fig. 11. In the band of interest, the gain is 29.7 dBg yg Thys; this example gives experimental results in good
with a good flatnesst0.1 dB. A noise figure less than 1'4agreement with the theoretical calculations.

dB was obtained. This example shows that the matchinggy, the second example, we will only demonstrate that the
equalizers obtained by the RFT are realizable. synthesis procedure is applicable to multistage broad-band
. amplifier design. A two-stage amplifier has been optimized
B. Broad-Band Amplifier and simulated by the modified RFT over the 100-MHz—9-GHz
The first example shows the use of the modified RFT foequency band. Fig. 15 shows the schematic diagram using
design a 100-MHz-5-GHz amplifier. This broad-band ampliwo NEC71083 GaAs FET's with biag,, =0V, Vqs =3V,
fier was realized using one NEC72084A GaAs FET’s witand I, = 40 mA. The simulated gain performance (Fig. 16)
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Fig. 14. Measured and simulated return-loss performances of 100-MHz-5-GHz amplifier.
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Fig. 15. Schematic diagram of the two-stage 100-MHz-9-GHz amplifier.
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Fig. 16. Simulated gain and return loss performances of 100-MHz-9-GHz
amplifier. [6]

is 9, 1 dB with+0.2-dB flatness. The return losses are les$’]
than —7.8 dB over the prescribed frequency band.
The two examples validate the formalism for broad-bands]
amplifiers using lossy matching networks.
[9]
VL.
The proposed method allows designing microwave actiyen]
circuits. It does not require any two-port active model because
it directly includes theS-parameters. Moreover, the stability
and the feasibility of computed equalizers are ensured by the
Hurtwitz factorization. In this method, the RFT is modified11]
such that the design of LNA's with distributed commen-
surate transmission-line matching networks and the design

CONCLUSION

of a broad-band amplifier with resistive matching networks

are possible. The computer program includes performance
specifications on TPG, noise figure, and input and output
1 - VSWR’s. The validity and advantages of the proposed method
1 L have been demonstrated by three design examples.
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