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1 Preface

Design of a subharmonically pumped K band mixer with an anti-parallel pair of diodes
is presented in this thesis. Modelling is split into nonlinear-linear and linear part. A
nonlinear modelling tool — Kerr’s reflection algorithm and a small signal analysis method
are introduced. They are used in the nonlinear-linear analysis of the circuit. The results
of nonlinear-linear analysis yield the conditions for the linear part of the project.

The filters are designed in uni-planar technology using distributed elements and mod-
elled with ideal transmission lines, without considering influence of discontinuities and
dispersion. The results of numerical optimization and measurements of the filter test
circuits are presented. The results show very good agreement between simulation and
measurements in the frequency band 0-40GHz.

Because of technical problems the diodes could not be mounted in the circuit. There-
fore measured characteristics of the mixer are not presented in this thesis.

General concept and nonlinear-linear analysis of the mixer have been performed at
the Technical University of Gdansk. Modelling, realization and measurements of the
passive elements of the mixer have been carried out at the Feole Nationale Supérieure des
Télécommunications de Bretagne, in Brest.

The MDS-HP software has been used in the modelling of the filters.



2 Introduction

2.1 Design specifications

A subharmonically pumped K band mixer intended to extend the bandwidth of
TEKTRONIX 2755 spectrum analyzer (see [1]).

Input bands:

o 20-30GHz
o 40-40GHz

Output band:
e 0-10GHz
LO signal:

o Frequency: approximately 15GHz
o Available power: Pro < 10mW

Connectors:

o Input port: 5000 SSMA. It enables direct coaxial line input for signals from
18-26.5GHz band, and waveguide input for signals from 26.5-40GHz using a
rectangular waveguide — SSMA transition

e Output and LO ports: 502 SMA connectors
Nonlinear element:
e Anti-parallel pair of diodes

Conversion losses: Should be optimized. This parameter however, is not very impor-
tant, since the mixer should work with relatively large input signals.

Uniplanar technology: Available substrates:
o FPSILAM, ¢, =10.2, h = 635um, t = 20um

o Alumina, ¢, = 9.9, h = 635um, t = 10um
o DUROID, ¢, =2.2, h =256um, t = 20um



3 Nonlinear-linear modelling

This section focuses on the nonlinear-linear part of the project. Large and small signal
analysis of one diode circuits and circuits with an anti-parallel pair of diodes are presented
in Sect. 3.1 and 3.2. The idea of a subharmonically pumped mixer is introduced in
Sect. 3.3. Sect. 3.4 describes the diodes used in the project. Sect. 3.5 presents the
numerical analysis of the nonlinear circuit.

In the nonlinear-linear analysis of the diode circuits we assume that the following
conditions are satisfied:

e circuit has one harmonic source (and a polarisation source if necessary')
e circuit is in a steady state

e circuit is stable

3.1 Large signal analysis
3.1.1 Large signal analysis of one diode circuits

Fig. 1 shows the Thevenin’s large signal model of a one diode circuit with one harmonic
source Vioe'“?'| Vio being the source voltage magnitude, and w, denoting the source
frequency.

Z(Nwy) I

Vi oe" ' (d) Vv

Figure 1: Thevenin’s large signal model of one diode circuits

I(t) and V(t) on the diode may be represented in the form of the Fourier series:

1(t) = i 1,emrt (1)

Vi) = > V,elmert (2)
From the Kirchoft’s voltage law:
Vioe™' = > 1, Z(nw,)e™ " + 3 Vel (3)

Tt is not the case in this project, where an anti-parallel pair of diodes is used



Various methods may be used to calculate I(t) and V(¢) waveforms, or I,, and V,, coef-
ficients (see [2, pp. 91-101]). Kerr’s reflection algorithm is used in this project. It is
introduced in Sect. 3.5.1.

3.1.2 Large signal analysis of circuits with an anti-parallel pair of diodes

One diode model introduced in Sect. 3.1.1 may be used for analysis of many various
configurations of diodes. Since we are going to work with an anti-parallel pair of diodes,
the equivalent circuit will be shown for such a configuration.

Fig. 2 shows the Thevenin’s large signal model of circuits with an anti-parallel pair of

diodes.

Z’(nwp) |

Woe'' (1)

Figure 2: Thevenin’s large signal model of circuits with anti-parallel pair of diodes

V(t) and I(t) are given by the Fourier series (2) and (1) respectively. The currents
I1(t) and I5(t) are functions of V(¢). Since the diodes are connected in the anti-parallel
configuration and it is assumed that they have the same characteristics, the following
condition is satisfied:

If
Ii(t) = fr(V(1)) (4)
then
L(t) = —fi(=V (1)) (5)

Currents [;(t) and I3(f) may be expanded in the Fourier series:

L(t) = i L, e (6)

Lt) = 3 Lpe™' =
N Z [lnejn(wpt—w) (7)
From the Kirchoft’s current law we get:
1(t) = L(1) + L,(1) (8)
or in the frequency domain:
[n - [ln + [2n (9)

10



From (6), (7) and (9) it follows that:

for odd n: i, = I, and [, =21[,
{ forevenn: I, =—15, and [,=0 (10)
The circuit satisfies the Kirchoff’s voltage law analogically to (3):
V] e rt = i 1,7 (nw,)e’™ vt + i v, elnert (11)
Using (10) the above relation becomes:
V]joejwpt = i 205,41 7' (20" + 1)wp)ej(2”/+1)wpt—|— i Vel nert (12)

n/:—oo n=—oo

Comparing (12) and (3) we may construct an equivalent one diode model with the pa-
rameters:

27 (nw,) for odd n

Z(nw,) = { 0 for even n (13)
and
VLO - V[//O (14)
(see Fig. 3).
—
L |

27’ (noy)

Moe* (1) A 4 A 4

(a) (b)

Figure 3: Equivalent large signal one diode model for the circuit with an anti-parallel pair

of diodes. Odd (a) and even harmonics (b).
The available local oscillator power of the equivalent circuit is:

V) v/ Py
PLO Lo LO _ Lo

(15)

TOSR[Z(w,)]  SR2Z/(w,)] 2

11



3.2 Small signal analysis
3.2.1 Small signal analysis of one diode circuits

In the large signal analysis of the diode circuits (Sect. 3.1) we have assumed that there
was only one input signal. Here we will see what happens in the circuit, when additional
small input signal is applied.

Variations of the diode current, caused by the additional voltage signal may be ex-
pressed by the Taylor series:

I(V4wv) = fi(V4+o)=

fi(V) + Zi{

1 9°f1
SV vt 2 Go’?

v 4 (16)
v'=V

where V = V() is a large input signal, and v = v(#) is an additional small signal. With
the assumption V > v:

Ofr
ov’

I(V4v)=1(V) ~ v=g(t)-v (17)

v'=V

where g(t) is the small signal parametric conductance:

ol

i (18)

g(1)

v'=V (¢)

If the diode is pumped with one harmonic source, then V(t) is given by (2) and ¢(¢) may
be expressed as a Fourier series:

g = 3 G (19)

n=—0oo

where w, is the source frequency.
Analogical approach may be used for small signal parametric capacitance giving its
time representation:

_ 09

) = 55 (20)

v'=V (¥)

with @) denoting large signal charge. The Fourier series representation of ¢(t) is:

c(t) = i C, emert (21)

n=—0oo

Fig. 4 shows the Thevenin’s small signal model of a one diode circuit. Fig. 5 shows an
equivalent Norton’s model.
Thevenin’s and Norton’s circuits are related by equations:

Is =Vs- Z(ws + Kwp) (22)

Y (e, + miwy) = [Z(, + miwy)] ™" (23)

12



Z(wstmay) |

VS ej(wS+KwF)t CD

|

}Ymn \Y;

Figure 4: Thevenin’s small signal model of one diode circuit

-,
P

ISeJ(mS+KwF)t Ymn Vv

1
L 1

} Y (Wstmoy) [

Figure 5: Norton’s small signal model of one diode circuit

The diode is represented by parametric admittance Y,,,,. We will represent Y,,,, with
coeflicients G,, and C,, .

For the small-signal analysis the diode is no longer treated as a nonlinear element, but
as a linear time-variable conductance (g(t)) and capacitance (¢(t)). Then:

a0 + ) 4 o(t) 20 (24)

The small voltage v(t) and current i(¢) signals may be expressed in the series form:

v(t) = Y Vg,ellwstnen)t (25)
i(t)= Y Igae/tren)t (26)

Equation (24) may be then expressed as a series:

io: [Skej(ws-l-kwp)t — f: io: vasnej[ws-l—(m-l—n)wp]t +
k=—co Mm=—00 n=—00
Z Z ][u)s —|— (m —|— n)wp]cmvsn ej[Ws+(TfL+n)wp]t _

ST Y Vo Ve, elleettmanerlt (27)

m=—00 N=—00

13



where:

Yin = G + 7ws + (m + n)w,|Ch, (28)
From the Kirchoft’s current law applied to the Norton’s model we get:
[Sej(w5+fﬂywp)t _ Z Y(ws 4 mwp)VSmejk(ws—l—mwp)t +

io: f: YmnVSnejk[wS-l—(m-l—n)wp]t (29)

m=—0o0 N=—00

Jkwpt

Comparing the coefficients at the same e terms in (29) we have:

Yi(ws + kwp)Ver + Y Youteom) Voghom) =

m=—00

{]5 for k=K (30)

0 for k#K

where the unknowns are complex voltage magnitudes Vs, at frequencies w,, = ws + nw,.
Equation (30) describes mixer in a steady state.
3.2.2 Small signal analysis of circuits with anti-parallel pair of diodes

Fig. 6 shows the Thevenin’s small signal model of circuits with an anti-parallel pair of
diodes . Fig. 7 shows an equivalent Norton’s model.

Z' (Wstmayp) i

VS’ ej(wS+KwF)t CD

Figure 6: Thevenin’s small signal model of circuits with anti-parallel pair of diodes

[
P

g i

|5 }Y’(ws+mwp) Yum | | Yamn |V

1

Figure 7: Norton’s small signal model of circuits with anti-parallel pair of diodes

Both circuits are related by equations analogical to (22) and (23). Two diodes are
represented by parametric admittances Yi,,, and Y3,.,. We will show that the small
signal model of the circuit with an anti-parallel pair of diodes may be replaced by an
equivalent one diode model.

14



Dynamic conductances ¢; and ¢» are functions of large voltage signal V(¢), and since
the diodes have the same characteristics, the following condition is satisfied:

If

g1(t) = fo(V(1)) (31)
then

92(t) = fo(=V (1)) (32)

Conductances ¢;(t) and g2(t) may be expanded in a Fourier series:

gl(t) — Z Glnejant (33)
gz(t) — Z Gznejnwpt _
Z Gy, i @pt=) (34)

The analogical analysis may be performed for dynamic capacitances ¢;(t) and ex(t)
with coefficients Cy,, and Csy, in the Fourier series respectively. Hence, ¢3(f) may be
expressed, like ga(t), but with coefficients C1,,:

olt) = ) Copel™rt) =

n=—0oo

ST Cheimtert=m) (35)

n=—0oo

Like in (28) complex parametric admittances of each diode in a circuit may be expressed
with Gy gy and O 24, coefficients:

1/I,Zmn — Gl,?m + .][ws + (m + n)wp]cl,Qm (36)
The small signal admittance of an anti-parallel pair of diodes is:

From (34), (35), (36) and (37):

for odd m: Yipn = Yo, and Y, =0 (38)
for even m: Yipmn = Youn and Y. = 2Yimn
Analogically to (30), we have:
> I, for k=K
Y (ws + kwy) Vr + m;m You(k=m) Vs(h-m) = { ()S for k# K (39)

where K denotes the input signal index ([4e=tE«r),

15



Putting (38) into (39) and dividing both sides of the equation by 2 we have:

Y'(w, + kw >
Vs R) e S Vi Veann =

m'/=—co

1! -

0 for k#K

Comparing (40) with (30) we may construct an equivalent one diode small signal model
with the following impedances:

0 for even m
Z(ws + mwp) - { QZ/(CUS + mwp) for odd m (41)
(see Fig. 8).
 —
L |
27’ (wstm wp)

1

] Yimn Vs’ej(wSJerF)t C‘) |:| Yimn

(a) (b)

Figure 8: Fquivalent small signal one diode model of circuit with anti-parallel pair of

diodes. Odd (a) and even m (b).

16



a(V)
1(V)

\J

(a) (b)
Figure 9: Anti-parallel pair of diodes (a) and its characteristics (b)

3.3 Subharmonically pumped mixer

If a diode is pumped with a large single harmonic L O signal Vzoe’“r! it can be modelled by
small signal parametric conductance ¢(t) and capacitance ¢(t), which may be written as
Fourier series (19) and (21) respectively. Aplying an additional small signal [ged(«“stRwp)?

on the diode we achieve mixing signals of the frequencies:
Wiz = |ws + nw,| (42)

with n being an integer (see eq. (30)).

Two diodes may be connected together to form an anti-parallel pair (Fig. 9). The
characteristic of such an element is then symmetric as shown in the same figure. It has
been shown in Sect. 3.1.2 and 3.2.2 that the use of an anti-parallel pair of diodes as a
nonlinear element of the mixer results in the large current signal having only odd harmonic
components, and the parametric admittance having only even harmonic components. It
means that the frequencies of the output signals will be given by (42) with n being an even
integer. Fig. 10 shows the large current signal I,, and the parametric conductance G}, in
the frequency domain for an anti-parallel pair of diodes pumped with 15GHz LO signal.
Choosing the band closest to DC as an output band, the following mixing products are
possible:

k-30GHz £ IF — IF (43)

Fig. 10 shows these bands for 0 < [F < 10GHz. Products with k = 1 in (43) are the ones
that are used in the project. Therefore the input bands are: 20-30GHz and 30-40GHz
and the output band is 0-10GHz (see design specifications in Sect. 2.1). The bands with
k higher than 1 are parasitic bands and should be filtered out. However, the complexity
of the filter design grows with frequency. The characteristics of the filters (Sect. 4) will be
considered only in the band 0-40GHz. Therefore the influence of the higher input bands
existence should be tested. It will be performed in Sect. 3.5.4, where we will analyze the
circuit numerically.
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Figure 10: Anti-parallel pair of diodes pumped with the 15GHz voltage. [ — large signal
current, GG — parametric conductance.
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1.0 mA 1.5 mA 3.0 mA

Frequency | Refl. Coeff. | Refl. Coeff. | Refl. Coeff.
(GHz) Mag | Ang | Mag | Ang | Mag | Ang
4 0.752 | -7.1 10.607 | -7.1 | 0.511 | -7.1

6 0.752 | -10.7 | 0.606 | -10.7 | 0.510 | -10.6

8 0.750 | -14.3 | 0.604 | -14.3 | 0.508 | -14.2
10 0.749 | -18.0 | 0.602 | -17.9 | 0.506 | -17.9
12 0.747 | -21.7 | 0.600 | -21.6 | 0.503 | -21.6
14 0.744 | -25.5 | 0.597 | -25.4 | 0.500 | -25.4
16 0.742 | -29.3 | 0.593 | -29.2 | 0.496 | -29.3
18 0.739 | -33.2 1 0.590 | -33.1 | 0.492 | -33.2
20 0.736 | -37.2 | 0.586 | -37.2 | 0.488 | -37.3
22 0.732 | -41.4 | 0.581 | -41.3 | 0.483 | -41.5
24 0.728 | -45.6 | 0.577 | -45.6 | 0.478 | -45.8
26 0.724 | -49.9 | 0.572 | -50.0 | 0.473 | -50.3
28 0.720 | -54.4 | 0.567 | -54.6 | 0.467 | -55.0
30 0.716 | -59.1 | 0.562 | -59.3 | 0.462 | -59.8
32 0.711 | -63.9 | 0.557 | -64.2 | 0.456 | -64.9
34 0.707 | -68.8 | 0.552 | -69.3 | 0.451 | -70.1
36 0.703 | -73.9 | 0.547 | -74.5 | 0.447 | -75.6

Table 1: RF impedance data for MA40417 diode

3.4 Diodes

MA40417 beam lead diodes have been chosen for the realization of the mixer. Tab. 1
shows RF impedance data for one diode. The diode and its dimensions are shown in
Fig. 11. Two diodes are mounted in parallel in the uni-planar circuit® (see Fig. 12).
The dimensions refer to Alumina substrate: €. = 9.9, h = 635um, t = 10um. The
configuration shown in Fig. 12 introduces large discontinuity to the circuit. For its exact
modelling complicated full wave numerical methods should be used®. We will model
the circuit with the simplest method possible, using ideal transmission lines without
considering the influence of discontinuities and dispersion. The discontinuity of the diode
connections will not be introduced to the model. Therefore it is important to test the
sensitivity of the mixer characteristics to the change of load impedances of the diodes. It
will be performed in Sect. 3.5.4, where we will analyze the circuit numerically.

2Uni-planar technology will be introduced in Sect. 4.2
3such as Finite Elements (FEM), Finite Differences (FD), or Spectral Domain Method
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Figure 11: Chip style 1010 (diode MA40417) and its dimensions

300

300

300

Figure 12: Montage of the diodes in the uni-planar circuit. All dimensions in pm. Sub-

strate: Alumina, ¢, = 9.9, h = 635um, t = 10um.
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3.5 Numerical nonlinear-linear analysis
3.5.1 Kerr’s reflection algorithm

Kerr’s reflection algorithm is described in [2, pp. 97-101]. The LO source network and
the diode are separated by a section of an ideal transmission line of the characteristic
impedance Z.. The transmission line is assumed to be an integer number of wavelengths
long at the fundamental LO frequency, and hence at all its harmonics as well, and therefore
does not affect the steady state voltages and currents at diode terminals. It enables
incident and reflected waves to be defined, and to spliting the analysis into the linear and
nonlinear parts.

Before a reflected wave appears at the input, the transmission line is electrically equiv-
alent to its characteristic impedance Z.. The incident voltage wave is given by:

VioZe Ve Z.
Vi(l)t:—coswt—l—@ + — 44
(0= ol +0) 4 527 (1)
where N(2)
i) Z1
O=—tan™' | ——— 45
(w7 )
Z, - Thevenin’s impedance of the circuit for n-th LO harmonic,
VB - polarisation source voltage,
Vo - harmonic source voltage,

and superscript denotes iteration number.
The incident wave Vi(l)(t) reflects from the diode:

vl — 1112,

: (46)

where

v () = v - ) (47)

is the diode incident voltage wave, and [,() is the current response of the diode to Vy(t).
The V, voltage response contains harmonics. The Fast Fourier Transform is used to
represent the signal in the frequency domain:

M
V) = 3 VO e D (43)
m=0

where M is the number of points in the discrete representation of the signal.
Every harmonic reflects from the corresponding impedance Z,, at the input with the
reflection coefficient I',:

7.7 (49)
/Ry

and modifies the incident wave:
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Figure 13: Kerr’s reflection algorithm
V() = V() + V0 () - T, (50)

The Inverse Fast Fourier transform is used to represent the new incident wave in the time
domain. The new incident wave is used in the next iteration.

This iterative process may have various termination criteria. Usually an error is esti-
mated, i.e.

1 M _
err(k) = J 37 2 V) 4 (Vi ()2 (51)
m=0
with the termination criterion:
err(k) < erryax (52)

The transmission line’s characteristic impedance Z. may be chosen arbitrarily; this
value has no influence on the solution of the problem. However, it may have an influence
on the iteration convergence speed. The algorithm has been used in the project with 502
transmission line.

The idea of the Kerr’s reflection algorithm is shown in Fig. 13.
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3.5.2 Numerical modelling of parametric circuits

The most important parameter of a mixer is conversion loss (L.). It is defined as the ratio
of small signal source available power to the power delivered to the load at the output
mixing frequency:
P
Lo = 101g =2 (53)
S(K)

where indices in Pg and L. denote the bands (n in eq. (42)). In this project the output
band is the one closest to DC' (n=0), and two input bands have indices n = K = +2. The
available source power (Norton’s model in Fig. 5) is given by:
[ L5y |?
SR[Y (ws + Kw,)]

Psry = (54)

We will calculate the power delivered to the load at the output mixing frequency (Ps(q))-
The unknown complex voltage magnitudes Vs, in (29) should be calculated. Equation

(29) is an infinite series, and in a general case its exact solution is impossible. In the
numerical modelling the equation is truncated at m = +N and n = +N:

N
[S(K)ej(ws-l-l(wp)t — Z Y(ws‘|‘mwp)VSm€jk(wS+mwp)t_|_
m=—N
N N
Z Z YmnVSnejk[wS-I—(m‘l'n)Wp]t (55)

m=—N n=—N

Equation (55) may by written in a matrix form:

SRS
5 Y(w,— Nw,) 0 - 0
0 .
0
Isiry | = ‘ +
0 : 0
: 0 o 0 Y(ws + Nwy)
L 0]
Yoo Yo n Yoo on o Yoonon Vs—n)
Yinvp Yoonvir Yoo np 0 Yoongionp Vs(-n41) (56)
Yoy Yooy Yonoon -0 Yon Vs
or in a more compact form:
Is=Ys- Vs (57)

By elimination of variables, (57) may be converted to:
0 _ | Ys0  Ysox) Vs(0) (58)
Isx) Ysxo) Ysxr) Vsx
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relating the RF and [F port voltages and the source RF current. Equation (58) is a set
of 2 linear equations with 2 unknowns, and can easily be solved.
The output IF power may then be calculated from:

1
Ps) = §|V5(0)|2 - R[Y (ws)] (59)

Putting (54) and (59) into (53) and considering (22) and (23) gives an expression for
conversion loss:

L = 10lg | Ls(r)| _
- Va2 - R[Y (w0,)] - R[Y (w0, + Ko,)]
2
1o1g Vsl RIZ(w,)] "

|V5(0)|2 %[Z(ws + Kwp)]
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3.5.3 Software description

The computer program DIODEMX (listed and described in [2, App. A]) has been used
for nonlinear-linear analysis of the mixer*. DIODEMX is written in PASCAL and consists
of two parts:

o Large-signal analysis, which is an implementation of the Kerr’s algorithm

(Sect. 3.5.1)

e Small-signal analysis, based on the data from previous point (Sect. 3.5.2)

The input of the program is a file with the following format ([2, p. 315]):

DIODE Ion Cio @ v Ry temp
VOLTS  Vio Viias

POWER Pio

FREQS  LOfreq [Ffreq
MISCL  Z. tol

ZSI1G1 Ls g Ls 3 Lgo L1
ZS1G2 Zoo Lst Lsy Lisz Ly
ZELO1 Zo 4y Zy 43

ZELO2 Zy s Ze L Ug

DIODE lists the diode parameters:

Iy — Current parameter for the [/V characteristic [A];
n — Ideality factor;

C — Zero-voltage junction capacitance [F];

o — Junction built-in potential [V];

~ — Exponent for the capacitance characteristic (0.5);
R, — Series resistance [(];

temp ~ Temperature [K].

VOLTS lists LO and bias voltages:

Vio — The LO source open-circuit peak value
(Pro = Vio/8R[Zs(wy)]);
Vbias — The DC bias voltage.

POWER?® - if it exists the value of V¢ is ignored:

Pro — The LO source available power.

FREQS lists LO and [F frequencies [Hz]:

4The program has been slightly modified to allow simple optimization
>This entry doesn’t exist in the original program.
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LOfreq — The applied LO frequency;
1[Ffreq — The mixing frequency closest to DC.

MISCL list miscellaneous parameters:

7. — The characteristic impedance of the fictitious trans-
mission line in the large-signal Kerr’s algorithm
(Sect. 3.5.1);

tol — The value of the error function at which the large-signal

algorithm will terminate.

ZS1G1 and ZSIG?2 list the small-signal embedding impedances:

Lo — The embedding impedance at w,, in real and imaginary
form. The real part is first, then the imaginary.

ZELO1 and ZELO2 list the LO harmonic embedding impedances:

Zy — The embedding impedance of the LO harmonic at nw,.
Zero must be entered for the imaginary part of Z,.
Impedances are in real and imaginary form with the real
part first.

Fig. 14 shows a sample input file for the program.

After reading an input file, DIODEMX runs the Kerr’s reflection algorithm iterative
procedure. It terminates if the error function (eq. (51)) drops below tol on the MISCL

line, or changes less than the internal tolerance since the last iteration.

For the small-signal analysis, the user is prompted for the indices of the input and
output frequencys; i.e., the values of n for the frequencies wy + nw,. In this project, these

are 2 and 0, and -2 and 0.
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DIODE
VOLTS
POWER
FREQS
MISCL
Z51G1
Z51G2
ZELO1
ZEL02

7.0e-14 1.15

0.0 0.0

2e-3

15e9 b5e9

50.0 0.0005
0.00 0.00

100.00 0.00
0.00 0.00
0.00 0.00

0.07e-12 0.86 0.5

0.00
0.00
100.00
0.00

0.00
0.00
0.00
0.00

100.00
100.00
0.00
0.00

8.0 295.0

0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00

0.00 0.00

0.00 0.00

Figure 14: Sample input file for DIODEMX program. Analysis of an anti-parallel pair
of diodes using an equivalent one diode model (Zy, = Zsypp1 = 0, Zopp1 = 275415
Zson = 275, (n=0,1,2,...), Pro = %Pﬁo; where primed are the parameters of the circuit
with an anti-parallel pair of diodes (see. Sect. 3.5.2)). Pio = 4mW, Z{ = 7!, = Z!_, =
Zl, =500, 7 ., =0forn>1, 7, =0 forn>1 and IFfreq = 5GHz.

2n+
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3.5.4 Results of nonlinear-linear analysis

In the numerical nonlinear-linear analysis of the mixer, the computer programme
DIODEMX introduced in Sect. 3.5.3 has been used. The simulations have been per-
formed for an anti-parallel pair of diodes with parameters typical for the K band. The
following is the list of a diode parameters:

[0 - 7 . 10_14A

n = 1.15
Cio = 0.07pF
d =10.86V
~y =0.5

R, =289
temp = 295K

LO power. Tab. 2 presents conversion losses and load impedances of the diodes as a
function of the LO power. It was assumed that the diodes were matched at the LO
(15GHz) frequency (large signal model):

7! = 7 (15GHz) (61)

and in input and output bands (small signal model):

Zhy = Z"7(30GHz + IF) (62)
Zso = Z (IF) (63)

where Z(f) denotes input impedance of the diodes, * denotes complex conjugation, and
IF is the output frequency: 0 < IF < 10GHz.

The Thevenin’s impedances of the circuit were set to 0 (shunts) at higher harmonic
frequencies (Z3,,,,, n' > 1) and in the higher order (parasitic) input bands (Z§i,,,
n’ > 1) Realization of shunts in the higher bands using simple design technique introduced
in Sect. 4 is not possible for the considered substrates. Therefore, the sensitivity of the
circuit to the change of these impedances will be tested.

Tab. 3 presents conversion losses as a function of the LO power when impedances 77,
Z§., and Zg, are set to 50€2. Like in the last case, the impedances in higher bands are
set to 0.

Tab. 3 is of more practical importance than Tab. 2. It is easier to design filters in 50()
system than wide-band matching circuits, which should be realized to match the diodes
and satisfy the assumptions from Tab. 2.

LO.ss in Tab. 3 is the local oscillator efficiency describing the LO port matching.
Three L factors have been considered:

Le_o(IF = 10GHz) for 20GHz — 10GHz product
Leso(IF=0) for 30GHz — 0 product
Leyo(IF = 10GHz) for 40GHz — 10GHz product

The L¢(IF) characteristic should be flat. Therefore these values should be comparable.
The differences AL, decrease with the increasing LO power.
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Small signal modelling. Next set of tables presents results of the small signal analysis.
The diodes are pumped with a 4mW LO signal. This value has been chosen arbitrarily
and is not the optimal one. The LO power should be verified by an experiment.

Tab. 4 presents conversion losses and load impedances of the diodes as a function of
the IF frequency. It was assumed that the diodes were matched at LO frequency ((61))
and in input ((62)) and output ((63)) bands. Since wide-band matching circuit design is
very difficult® Tab. 4 is of no practical importance.

Tab. 5 presents conversion losses as a function of the [F frequency for the case when
the diodes are matched at LO frequency” ((61)) and terminated by the 50 impedances
in input and output bands.

Tab. 6 presents the same data for the case when the diodes are terminated by the
502 impedance at LO frequency. The data from Tab. 5 and 6 do not differ significantly.
Therefore all the filters will be designed in 50€) system.

The minimum and maximum values of the conversion losses and the differences be-
tween them are:

e Input band: 20-30GHz

- Lcmm == Lc(QOGHZ) == 74dB
- Lcm(w = LO(BOGHz) = 79dB
— ALc=10.5

e Input band: 30-40GHz

- Lcmm = LO(BOGHz) = 79dB
- Lcm(w == Lc(4OGHZ) == 93dB
- AlLe=14

ALg should be minimized. It may be optimized by experimentally choosing the optimal
LO power. If it does not give satisfactory results, correctors may be designed, for instance
as external circuits (one per input band) connected to the output mixer port.

Sensitivity to the change of impedances. In the simulations presented above, it was
assumed that the diodes were terminated by shunts at higher harmonic frequencies and
in higher order input bands. In the linear part of the project (Sect. 4) very simple filter
models will be used. We shall not consider the influence of discontinuities and dispersion
in transmission lines. Characteristics of the filters will be only considered for the band
0-40GHz. Therefore, load impedances of the diodes are unknown at higher frequencies
and sensitivity of conversion losses to the change of these impedances will be tested. It
has to be noted that it will be just an estimation of the actual sensitivity. To have more
exact results, software more powerful than DIODEMX should be used.

In practice, considering the impedances which should be realized, even impossible in uni-planar
technology on substrates listed in design specifications (Sect. 2.1).
“Since LO signal has constant frequency it is easy to construct appropriate matching circuit.
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Impedances 7], Z5,, and Zgg are set to 50Q. Impedances in higher bands are set to
0, except for the one which is tested.

Tab. 7 presents sensitivity of the conversion losses to the change of 7} = Z/(45GHz)
impedance. 74 takes various values from the positive complex half-plane £(7%) > 0. L.
and AL, factors are tested. In the worst cases AL, gm0 = 0.7dB and AL = 2.0dB.

Tab. 8 presents sensitivity of the conversion losses to the change of
Zsy = Z'(60GHz+1F) and Z,_y = Z'(60GHz-IF). Z4 and Z,_4 takes the same values
from positive complex half-plane £(Z/,.,) > 0. In the worst case AL._ 94, = 0.8dB. The
change of AL is not significant (AL.omq, = 1.4dB).

As we will see in Sect. 4, the anti-parallel pair of diodes is connected in series between
low pass and band pass filters. The filters have opposite characteristics, i.e. the low pass
filter passes and the band pass filter reflects all the signal in the band 0-15GHz, while in
the band 20-40GHz the band pass filter passes all the signal and the low pass filter reflects
it. Since we assumed 50 terminations of the diodes, the filters should approximate a
shunt in their stop bands. This condition splits into two parts:

e The magnitude of the reflection coefficients should be approximately 1 (or 0dB)
e The phase of reflection coefficients should approximately be equal to 180°

The first condition is easy to satisfy, and it will be a condition for optimization of the
filters. The second one, however, is impossible to satisfy in all the bands (0-15GHz and
20-40GHz) and therefore the load impedances will have nonzero imaginary parts. Their
influence on the conversion losses will be tested.

Tab. 9 shows the influence of the low pass filters impedance in the band 20-40GHz
on the conversion losses. The low pass filter (FO0-15) will be introduced in Sect. 4.4.
Fig. 33(b) shows the reflection coefficient of its idealized model after optimization. At
30GHz, the reflection coefficient is an exact shunt. The magnitude characteristic of the
reflection is symmetric and its phase characteristic is anti-symmetric around 30GHz. The
filter is a conductive reactance in the band 20-30GHz, and an inductive reactance in the
band 30-40GHz. Therefore the impedances Z!_, and 7!, may be expressed by symmetric
equations:

Z!_, =500 — ja (64)

', =500 + ja (65)

with « being a positive real value. For a = 5080 the reflection phase changes by 90°.
Tab. 9 shows that the filter has the largest effect in the lower input band (20-30GHz),
where, for [F' = 10GHz, conversion losses increase from 7.4dB to 9.4dB, i.e. by 2dB. Also,
the difference between the Lo peak values increases to ALy = 1.5dB. In the higher input
band (30-40GHz), conversion losses increase by about 0.5dB and AL increases to 1.8dB.

Tab. 10 shows the influence of the band pass filters impedance on the conversion losses
for the band 0-10GHz. The band pass filter (F20-40) will be introduced in Sect. 4.5.
Fig. 37(b) shows the reflection coefficient of its idealized model after optimization. The
reflection coefficient is a shunt at DC and behaves like a growing inductance with growing
frequency. Therefore the impedance 7/, may be expressed by:

7'y =500+ 5 (66)
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IF =0

Pro Z1[9] Zy15[€Y] Lty Zy

mW] [ R [ S ® | S |[dB]| [9]
0.5 | 9.54 |69.43 || 9.84 | 33.33 | 6.65 | 235.64
0.7 | 1254 | 68.57 || 12.21 | 32.38 | 6.31 | 179.17
1.0 | 16.27 | 67.17 || 14.78 | 30.82 | 6.16 | 141.01
1.5 ]21.94 | 64.07 || 18.00 | 27.77 | 6.19 | 105.55
2.0 |26.21 | 60.78 || 19.79 | 24.98 | 6.33 | 86.85
3.0 |32.26 | 53.64 || 21.34 | 2042 | 6.67 | 65.64
4.0 |35.56 | 47.19 || 21.56 | 17.23 | 6.99 | 54.11
5.0 |37.21 | 41.47 || 21.33 | 14.88 | 7.30 | 46.48
6.0 | 37.75]36.54 || 20.91 | 13.05 | 7.59 | 40.97
7.0 | 37.75 | 32.60 || 20.45 | 11.70 | 7.83 | 37.13
8.0 |37.35]29.20 || 20.01 | 10.62 | 8.06 | 34.21
9.0 |36.79 | 26.38 || 19.58 | 9.74 | 8.26 | 31.90
10.0 | 36.12 | 24.01 || 19.18 | 9.01 | 8.45 | 30.04

(2= 75 (0), as = Zi(oio £ ), Zig = 2500 |

Table 2: Large and small signal analysis results. Conversion losses and load impedances of
the diodes as functions of the LO power. Diodes matched at LO (15GHz (7])) frequency
and in input (30GHz + IF (Z!.,)) and output (IF (Z!,)) bands.

with 3 being a positive real value. For § = 50} the reflection phase changes by 90°.
Tab. 9 shows that the filter has no significant influence on the conversion losses.
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1F = 10GHz
IF=0
Plo [LOgs | Loz | Les | L | AL [ AL
[mW] | [%] | [dB] | [dB] | [dB] | [dB] | [dB]
2 0.18 11.55 | 12.93 | 15.57 1.38 2.64
3 0.45 7.35 8.19 9.95 0.84 1.76
4 0.59 7.37 7.86 9.25 0.49 1.39
) 0.70 7.66 7.98 9.06 0.32 1.08
6 0.77 8.06 8.22 9.22 0.16 1.00
7 0.82 8.41 8.50 9.39 0.09 0.89
8 0.85 8.73 8.78 9.59 0.05 0.81
9 0.87 9.02 9.05 9.80 0.03 0.75
10 0.89 9.30 9.30 10.00 | 0.00 0.70

‘ Z{ = Zéo = Z;—z :Zgz = 501 ‘

Table 3: Large and small signal analysis results. Conversion losses as a function of the
LO power. Diodes terminated by 50Q impedances at LO (15GHz (Z1)) frequency and in
input (30GHz + IF (Z!,,)) and output (IF (7)) bands.

2 7 ) 5 [ R e 7 R A
[GHz] R ‘ 3 R ‘ 3 [dB] | [dB] R ‘ 3
21.57 | 17.23 | 21.57 | 17.23 | 6.99 | 6.99 | 54.11 | 0.00
22.20 | 17.20 | 2095 | 17.23 | 6.97 | 7.02 | 53.97 | 2.62
22.87 | 17.14 | 20.36 | 17.21 | 6.95 | 7.05 | 53.54 | 5.19
23.55 | 17.05 | 19.98 | 17.17 | 6.93 | 7.08 | 52.84 | 7.67
24.24 116.91 | 19.22 | 17.10 | 6.91 | 7.12 | 51.91 | 10.03
24.95 | 16.73 | 18.70 | 17.02 | 6.90 | 7.16 | 50.77 | 12.21
25.67 | 16.52 | 18.19 | 16.91 | 6.89 | 7.20 | 49.43 | 14.22
26.41 | 16.25 | 17.70 | 16.80 | 6.88 | 7.24 | 47.96 | 16.04
27.15 1 15.94 | 17.23 | 16.67 | 6.88 | 7.29 | 46.38 | 17.64
27.90 | 15.58 | 16.79 | 16.54 | 6.88 | 7.34 | 44.73 | 19.03
28.65 | 15.16 | 16.37 | 16.40 | 6.88 | 7.39 | 43.03 | 20.22
Py =4mW
7 = 70 (w) = 36 4 JAT, Zhay = Zlnln % w), Zlo = Zin(s)

O 0 ~1T O Tk W+~ O

—
<o

Table 4: Small signal analysis results. Conversion losses and load impedances of the
diodes as functions of mixving frequency. Diodes matched at LO (15GHz (Z1)) frequency
and in input (30GHz + IF (Z!.,)) and output (IF (Z.,)) bands.
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IF | Les | Lo
[GHz] | [dB] | [dB]

0 8.05 | 8.05

3 7.83 | 8.49

10 7.83 1 9.09
71 = Zi(wo) = 36 1 J470)
Zla=2_, =27, =500
Py =4mW

Table 5: Small signal analysis results. Conversion losses as a function of mizing frequency.
Diodes matched at LO (15GHz (Z7)) frequency and terminated by 509 in input (30GHz
+ [F (Z!.,)) and output (IF (Z,)) bands.

IF | Ly | Le
[GHz] | [dB] | [dB]
7.86 | 7.86
7.77 | 7.96
7.69 | 8.07
7.62 | 8.19
7.55 | 8.32
7.50 | 8.45
7.46 | 8.60
7.42 | 8.75
7.40 | 8.91
7.38 1 9.08
7.37 1 9.25
Z{ = Zgo = Zé—z = Z§2 = 509
Py = 4mW

D O 00~ O UL W N O

Table 6: Small signal analysis results. Conversion losses as a function of mizing frequency.
Diodes terminated by 500 at LO (15GHz (7)) frequency and in input (30GHz + IF
(Z!.,)) and output (IF (Z!,)) bands.
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IF' = 10GHz

IF=0
A Leco | Lexz | Lo | ALez | Alg
(] [ [dB] | [dB] | [dB] | [dB] | [dB]

0 737 | 7.86 9.25 0.49 1.39

50 777 831 9.10 0.54 | 0.79
750 8.63 | 9.30 |10.83 | 0.67 1.53
—150 737 7.97 9.49 0.60 1.52
50 4750 | 8.01 | 8.59 | 10.05| 0.58 | 2.04
50 — 350 | 7.65 | 8.18 9.62 0.53 1.44
00 7.54 | 8.12 9.64 0.58 1.52

Table 7: Influence of load impedance of the diodes at [5G Hz (7)) on the conversion losses

of the mixer.

IF = 10GHz
=10
Zy 4y Zyy | Leea | Lexn | Lo | ALey | ALe
] | [dB] | [dB] | [dB] | [dB] | [dB]
0 73T 786 [ 925 [ 049 | 1.39

50 8.03 | 871 |10.13 | 0.68 1.42
750 8.36 | 9.16 |10.54 | 0.80 1.38
—150 8.29 | 875 |10.02 | 0.46 1.27

50 — 750 | 8.17 | 889 ]10.30 | 0.72 1.41
50 4750 | 8.20 | 8.76 |10.18 | 0.56 1.42
00 8.44 | 897 |10.24 | 0.53 1.27

Table 8: Influence of load impedance of the diodes at 60GHz + [F (Z}) on the conversion

losses of the mixer.
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IF = 10GHz
IF=10
« L.y Lo Ly ALc._y ALy

[ | [dB] | [dB] | [dB] | [dB] | [dB]
0 7.37 7.86 9.25 0.49 1.39

50 | 9.38 - 9.70 | ()1.52 | 1.84
500 | 23.28 26.01 | (-)15.42 | 18.15
Z_, =500 — ja,
=500 + jo

Table 9: Influence of FO-15 low pass filter reactance in the band 20-/0GHz (see Sect. 4.4
and Fig. 33(b)) on the conversion losses of the mizer.

IF = 10GHz
=0
ﬁ Lc—2 Lc:l:2 Lc2 ALC—Z ALCZ
(2] | [dB] | [dB] | [dB] | [dB] | [dB]
0 [ 737 ] 7.86 [9.25 [ 049 [ 1.39

50 | 7.34 9.22 | 0.52 | 1.36
75 | 8.11 9.98 | (-)0.25 | 2.12
500 | 23.28 26.01 | (-)15.42 | 18.15

[ Z{ =500 + ;3 |

Table 10: Influence of F20-40 band pass filter reactance in the band 0-10GHz (see Sect. /.5
and Fig. 37(b)) on the conversion losses of the mizer.
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4 Filters

The nonlinear-linear analysis presented in Sect. 3 gives conditions for the linear part
of the project. In this section we focus on the filters design. Sect. 4.1 introduces a
block model of the mixer with conditions which the filters should satisfy. The filters will
be realized in uni-planar technology, introduced in Sect. 4.2, using distributed elements
presented in Sect. 4.3. Sect. 4.4, 4.5 and 4.6 present modelling, realization and results of
measurements of the filters. The final circuit with all the components together is presented
in Sect. 4.7. This part of the project has been performed in Fecole Nationale Supérieure
des Télécommunications de Bretagne, in Brest. The MDS-HP software has been used in
the modelling of the filters.

4.1 Block model of the mixer

Fig. 15 shows the block model of the mixer. The mixer has three ports:

LO - local oscillator port
signal with constant frequency 15GHz
IN — input port
signal from two input bands:
20-30GHz (G- — Gy),
30-40GHz (Gy — Gl)
OUT — output port
signal from the band 0-10GHz

Tab. 11 shows the pass-bands and stop-bands of the filters.

‘ Filter ‘ Pass-band ‘ Stop-band(s) ‘
F20-40 | 20-40GHz | 0-15GHz

F0-10 | 0-10GHz | 15GHz and 20-40GHz
F15 15GHz 0-10GHz and 20-40GHz

Table 11: Pass-bands and stop-bands of the filters

As a compromise between the needs and possibilities of the technology the minimal
attenuation in the stop-bands has been set to 20dB, and maximal attenuation in the
pass-bands has been set to 0.25dB.

In the nonlinear-linear analysis of the mixer (Sect. 3) we saw that in order to achieve
optimal energy conditions, the following additional conditions should be satisfied:

o The reflection coefficient of the filters on the right side of the diodes should approx-
imate a shunt in the pass-band of the filter F20-40 (20-40GHz) (see Fig. 16). This
condition would be difficult to achieve in the circuit from Fig. 15, since it should be
satisfied in the plane of interconnection between two filters and the diodes. There-
fore, to make this configuration simpler, an additional F0-15 low pass filter has been
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used between the diodes and the filters F0-10 and F15 (see Fig. 17). The additional
filter should not perturb the transmission characteristics of these two filters. It is
used to satisfy the condition on the reflection coefficient in the stop-band. The
FO0-15 filter should satisfy the following conditions:

Pass band. The filter should pass the signals from the pass-bands of the filters
F0-10 (0-10GHz) and F15 (15GHz). It was optimized as a low pass filter with
the pass-band: 0-15GHz.

Stop band: 20-40GHz. The reflection coefficient of the filter should approxi-
mate a shunt in this band.

o The reflection coefficient of the filter F20-40 on the side of the diodes should approx-
imate a shunt in the pass-bands of the filters F0-10 (0-10GHz) and F15 (15GHz)
(see Fig. 18). This condition is the most important in the output band 0-10GHz.
At the local oscillator frequency it hasn’t such importance since it is just single fre-
quency. It is easy to match the circuit at one frequency using simple configuration
(i.e. a cascade transmission line of an appropriate length and a stub of appropri-
ate parameters (length, impedance)). The matching circuit has not been designed,
however. It can be realized as an independent circuit with a possibility of tuning.
As shown in the nonlinear-linear analysis (Sect. 3.5.4), the load impedance of diodes
(50€2) is not the optimal one at LO frequency. Therefore a need of the use of such
an external circuit should be verified by experiment.

Tab. 11 shows the pass-bands and stop-bands of the modified circuit filters.

‘ Filter ‘ Pass-band ‘ Stop-band ‘

F20-40 | 20-40GHz | 0-15GHz
FO-15 | 0-15GHz | 20-40GHz
F0-10 | 0-10GHz | 15GHz
F15 15GHz 0-10GHz

Table 12: Pass-bands and stop-bands of the filters
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Figure 15: Block model of the mizer

Figure 16: Block model of the mizer in the frequency band 20-4/0GHz. The filters on the
right side should be a shunt in the plane of the connection with the diodes.

FO-15

i
"€

Figure 17: Modified block model of the mizer
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Figure 18: Block model of the mizer in the frequency band 0-15G'Hz. The filter F20-40
should be a shunt in the plane of the connection with the diodes.
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Figure 19: Coplanar line

4.2  Uni-planar technology

In the uni-planar technology a transmission line is realized on a substrate consisting of
one dielectric and one metal plane, as a single slot (slot-line — Sect. 4.2.3) or two coupled
slots (coplanar line — Sect. 4.2.2). The properties of such transmission lines depend on
the substrate. Substrates considered in the project are presented in Sect. 4.2.1.

4.2.1 Substrates

The substrates which have been considered in the project are presented in Tab. 13.

| Material | ¢ | R[pm] | t{um] | woinlpm] | spilpm] |
EPSILAM | 10.2 | 635 20 50 50
Alumina | 9.9 | 635 10 30 30
DUROID | 2.2 254 20 50 50

Table 13: Substrates considered in the project

The parameters which appear in the table are:

€, — relative dielectric permitivity
h — dielectric plane thickness

t — metal plane thickness

Wnin — minimal strip width

Smin — minimal slot width

4.2.2 Coplanar line

Fig. 19 shows a cross-section of a coplanar line. Since there are three metal planes in the
coplanar line, it may propagate two modes without cutoff frequency, namely the even and
the odd mode. The even mode has much better properties for the filter design, i.e. the
characteristic impedance is better defined. Therefore we work only with the even mode
and conductive bridges between two ground-planes are used to eliminate the odd mode.

A bridge is shown in Fig. 19 with the dashed line.
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Figure 20: Slot line

Since discontinuities are not considered in this project they should be minimized.
It is achieved by the minimization of their transverse dimensions with respect to the
wavelength. This condition will be tested at the highest frequency considered in the filter
design — 40GHz. The ratio of the transverse line dimensions (w + 2s) to the wavelength
at 40GHz versus the strip and slot widths is shown in the following figures and tables
together with the characteristic impedance:

Fig. 21 and Tab. 14 for EPSILAM
Fig. 21 and Tab. 15 for Alumina
Fig. 22 for DUROID

The optimal impedance for the EPSILAM and Alumina substrates is about 62 (i.e.
impedance obtained with the smallest dimensions of s and w). The range 50-75¢) has been

chosen for both substrates. In this case 2”0"5;2;[2) is 0.079 (EPSILAM) and 0.044 (Alumina).
This range has been chosen arbitrarily. The results of the measurements of the filters will
show validity of such an aproach. In the case of Alumina substrate discontinuities are
much smaller, since smaller strip and slot widths can be realized. DUROID cannot be
used in the coplanar realization of the circuit because in this case the optimal impedance

is about 120€) and the impedance 50§} even cannot be realized.

Fig. 23 presents the strip and slot widths of the 5002 coplanar line on the Alumina
substrate. The slot width versus the strip width is approximately a linear function. Larger
coplanar line dimensions will be used near the input and output connectors.

4.2.3 Slot line

Fig. 20 shows a cross-section of a slot line.

Slot-line is not an attractive line for modelling using ideal transmission lines, used in
the project. The line is highly dispersive and the characteristic impedance is not precisely
defined. The power-voltage characteristic impedance definition and the dispersive model
have been used in the configurations used in the circuit. Fig. 24 shows the slot-line
impedance on EPSILAM and Alumina substrates for fixed slot width as a function of
frequency. Slot lines are used only in the FO-10 low pass filter. Since the characteristics of
this filter have to be considered only in the frequency range 0-15GHz, the characteristics of
the impedance dispersion are interesting for this range only. The only slot line impedance
used in the project is 50Q). It is approximated by 50um slot line on ESPILAM and 40um
slot line on Alumina. It has been tested by simulation that the characteristics of the filters
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Figure 21: Coplanar line impedance and ratio of transverse line dimension to the wave-
length at 40GHz versus strip and slot widths. Substrates: EPSILAM, ¢, = 10.2,
h = 635um, t =20um (a) and Alumina, ¢, = 9.9, h = 635um, t = 10um (b).

are not sensitive to the impedance change in the range from the dispersive characteristics
in Fig. 24.
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Figure 22: Coplanar line impedance and ratio of transverse line dimension to the wave-
length at J0GHz versus strip and slot widths. Substrate: DUROID, €, = 2.2, h = 254um,
t=20pum
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wlam] [ slum] | Zo9 | g |[wlm] [ slom] | Zo | pa
300 50 37.9 0.125 50 50 62.3 | 0.047
290 50 38.2 0.122 50 59 64.1 0.050
280 50 38.5 0.119 50 60 65.7 0.054
270 50 38.9 0.116 50 65 67.2 0.057
260 50 39.3 0.113 50 70 68.6 0.060
250 50 39.7 0.110 50 75 70.0 0.063
240 50 40.1 0.107 50 80 71.3 0.066
230 50 40.5 0.104 50 85 72.5 0.069
220 50 41.0 0.101 50 90 73.7 0.073
210 50 41.5 0.097 50 95 74.8 0.076
200 50 42.1 0.094 50 100 75.9 0.079
190 50 42.7 0.091 50 105 76.9 0.082
180 50 43.3 0.088 50 110 77.9 0.085
170 50 44.0 0.085 50 115 78.8 0.088
160 50 44.7 0.082 50 120 79.8 0.091
150 50 45.5 0.079 50 125 80.6 0.094
140 50 46.4 0.076 50 130 81.5 0.098
130 50 47.4 0.072 50 135 82.3 0.101
120 50 48.5 0.069 50 140 83.1 0.104
110 50 49.7 0.066 50 145 83.9 0.107
100 50 51.0 0.063 50 150 84.7 0.110
90 50 52.6 0.060 50 155 85.4 0.113
80 50 54.4 0.057 50 160 86.1 0.116
70 50 56.6 0.054 50 165 86.8 0.119
60 50 59.1 0.050 50 170 87.5 0.123
50 50 62.3 0.047 50 175 88.2 0.126

Table 14: Coplanar line impedance and ratio of transverse line dimension to the wave-
length at J0GHz versus strip and slot widths. Substrate: EPSILAM, ¢, = 10.2, h =
635um, t = 20pum
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wlym] [ sl | Zol0 | s |[wlpon] | slm] | Zal | poae
350 30 32.6 0.127 30 30 63.1 0.028
340 30 32.8 0.124 30 35 66.0 0.031
330 30 33.0 0.121 30 40 68.6 0.034
320 30 33.2 0.118 30 45 70.9 0.037
310 30 33.5 0.115 30 50 73.0 0.040
300 30 33.7 0.112 30 59 75.0 0.044
290 30 34.0 0.108 30 60 76.8 0.047
280 30 34.3 0.105 30 65 78.5 0.050
270 30 34.6 0.102 30 70 80.1 0.053
260 30 34.9 0.099 30 75 81.6 0.056
250 30 35.2 0.096 30 80 83.0 0.059
240 30 35.6 0.093 30 89 84.3 0.062
230 30 35.9 0.090 30 90 85.6 0.065
220 30 36.3 0.087 30 95 86.8 0.068
210 30 36.8 0.084 30 100 88.0 0.072
200 30 37.2 0.081 30 105 89.1 0.075
190 30 37.7 0.078 30 110 90.2 0.078
180 30 38.2 0.075 30 115 91.2 0.081
170 30 38.8 0.071 30 120 92.2 0.084
160 30 39.4 0.068 30 125 93.2 0.087
150 30 40.1 0.065 30 130 94.1 0.090
140 30 40.8 0.062 30 135 95.0 0.093
130 30 41.6 0.059 30 140 95.8 0.096
120 30 42.5 0.056 30 145 96.7 0.099
110 30 43.6 0.053 30 150 97.5 0.102
100 30 447 0.050 30 155 98.3 0.106
90 30 46.1 0.047 30 160 99.0 0.109
80 30 47.6 0.044 30 165 99.8 0.112
70 30 49.4 0.040 30 170 100.5 0.115
60 30 51.7 0.037 30 175 101.2 0.118
50 30 54.5 0.034 30 180 101.9 0.121
40 30 58.1 0.031 30 185 102.6 0.124
30 30 63.1 0.028 30 190 103.2 0.127

Table 15: Coplanar line impedance and ratio of transverse line dimension to the wave-
length at 40GHz versus strip and slot widths. Substrate: Alumina, €, = 9.9, h = 63bum,
t = 10um (b).
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Figure 23: Strip (w) and slot (s) widths of the 50Q0 coplanar line. Substrate: Alumina,
e =9.9, h =635um, t = 10um.
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Figure 24: Slot line impedance as a function of frequency. Substrates: EPSILAM, e, =
10.2, h = 635um, t = 20um (a) and Alumina, ¢, = 9.9, h = 635um, t = 10um (b).
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4.3 Distributed elements

The following distributed elements have been considered in the design of the filters:

e Transmission lines in cascade
e Parallel open stub

e Parallel shunted stub

e Serial open stub

e Serial shunted stub

4.3.1 Transmission lines in cascade

The coplanar realization of a transmission line, and its idealized model are shown in

Fig. 25.

Figure 25: Coplanar line in cascade (a) and its idealized model (b)

The input impedance of the inserted transmission line is given by:

71+ jZptan O

Lin = 7, : 67
OZO—I—]ZLtanG) (67)
where
Zo - characteristic transmission line impedance,
© - transmission line electrical length,
75, - load impedance.

Cascade transmission lines are used in every type of filters as impedance transformers.

4.3.2 Parallel open stub

The coplanar realization of a parallel open stub, and its idealized model are shown in
Fig. 26.

The input impedance of an open stub is given by:
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Figure 26: Open parallel coplanar stub (a) and its idealized model (b)

Zy = —jZycot © (68)

where 7y is the characteristic impedance, and O is the electrical length of the stub.
Fig. 27 shows two parallel open stubs with the same characteristic impedances.

Figure 27: Open parallel coplanar stubs (a) and their idealized model

Stubs connected in parallel are electrically equivalent to one stub with the character-
istic admittance being the sum of characteristic admitances of the stubs. Therefore, the
input impedance of such a structure is given by:

1 1
ZQO = —]§Z0 cot @ == §Zo (69)

Since the characteristic impedance range 50-75{) has been chosen for coplanar trans-
mission lines (see Sect. 4.2.1), there are two ranges of the coplanar stubs characteristic

impedances: 50-758) (one stub) and 25-37€ (two stubs).
From (68) and the properties of the cotangent function:

o Z,s =0for © =(2n+1)-90° with n being an integer.

An open circuit is transformed to a shunt. In the case of the parallel stub it implies
the total reflection of the signal.



o /,, = oo for © =n-180° with n being an integer.
The stub has properties of an open circuit. In the case of the parallel stub it implies

passing of the total signal.

Parallel open stubs may be used as low-pass elements, as well as band-pass elements,
in the bands where the stub has the electrical length being a multiple of 180° at the
middle frequencies. In the later case, however, there is a parasitic band or bands below
the band of interest where the stub is also a pass element. Additional stubs of different
kind should be used to eliminate these bands.

4.3.3 Parallel shunted stub

The coplanar realization of a parallel shunted stub, and its idealized model are shown in

Fig. 28.
(a)

Figure 28: Shunted parallel coplanar stub (a) and its idealized model (b)

The input impedance of a shunted stub is given by:

Zs = 3Zgtan © (70)

where 7y is the characteristic impedance, and O is the electrical length of the stub.
Fig. 29 shows two parallel shunted stubs with identical characteristic impedances.
Analogically to (69) the input impedance of such a structure is given by:

1 1
Z25 == ]§Z0 tan@ == §Z5 (71)

There are two ranges of the coplanar stubs characteristic impedances: 50-758) (one stub)
and 25-37Q (two stubs).
From (70) and the properties of the tangent function:

o 7,5 =00 for ©® = (2n41)-90° with n being an integer.

A shunt is transformed to an open circuit. In the case of the parallel stub it implies
passing of the total signal.
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Figure 29: Shunted parallel coplanar stubs (a) and their idealized model (b)

o 7, =0 for © =n-180°, with n beeing an integer.

The stub has properties of a shunt. In the case of the parallel stub it implies the
total reflection of the signal.

Parallel shunted stubs may be used as band-pass elements, in the bands where at the
center frequencies the stub has the electrical length (2n+1)-90?, with n being an integer.
If n > 1 there is a parasitic band or bands below the band of interest where the stub is
also a pass element. Additional stubs should be used to eliminate these bands.

4.3.4 Serial shunted stub

The serial stubs are realized in the uniplanar technology as slot-lines (Sect. 4.2.3). A
symmetric configuration of two slots is used as shown in Fig. 30.

Figure 30: Shunted serial slot stubs (a) and their idealized model (b)

The electrical response of a straight double slot line resonator may be inferior in
comparison to the bent geometry since the two slots, with electrical fields oriented in
phase, work as a slot antenna (see [5]). In the bent geometry the electrical fields are
out-of-phase, which reduces radiation loss.



The input impedance of two slots is given by (71). Like parallel open stubs, serial
shunted stubs may be used as low-pass elements, as well as band-pass elements, in the
bands where at the middle frequencies the stub has the electrical length being a multiple
of 180°. In the later case, however, there is a parasitic band or bands below the band of
interest, where the stub is also a pass element. Additional stubs of different kind should
be used to eliminate these bands

4.3.5 Serial open stub

A serial open stub has not been used in the circuit because of the problems with realization
of a wide-band open circuit in a slot line.

4.3.6  Conditions for modelling

Using the elements presented in Sect. 4.3, there is a lot of possible topologies of the filters
satisfying the conditions for modelling. After choosing one of them, the impedances of the
transmission lines (the cascade lines and the stubs) become the subject of optimization.
Choosing different topologies we can achieve different sets of impedances.

In the simulations, very simple models have been used, based on ideal transmission
lines without considering the influence of discontinuities and dispersion. For this reason
it was very important to minimize the discontinuities in the circuit. Therefore, the values
of the impedances are not only limited by the capability of the technology. The stronger
condition is minimization of discontinuities. To satisfy this condition all the impedances
used should be close to the values optimal for a given substrate. Some examples of
discontinuities which appear in the project are shown in Fig. 31.

The minimization of the influence of these discontinuities on the circuit characteristics
is achieved by minimization of their dimensions, i.e. the minimization of the transmission
lines slot and strip widths. In other words, an optimal impedance range has been chosen
for every substrate in the planar realization of the circuit, where the transverse dimensions
of the lines are minimal (see Sect. 4.2.1).

As the results of the measurements show, this simple modelling provides good results
within desired frequency range, provided that the discontinuity minimization condition is
satisfied.
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Figure 31: Ezxamples of discontinuities in the uni-planar technology



Figure 32: Idealized model of F0-15 low pass filter

4.4 FO0-15 low pass filter
4.4.1 Modelling
The conditions which the low pass F0-15 filter should satisfy are:

e Pass band: 0-15GHz

o Maximal attenuation in the pass band: 0.25dB
e Stop band: 20-40GHz

e Minimal attenuation in the stop band: 20dB

o The reflection coefficient in the stop band should approximate a shunt

All of these points are the conditions for the optimization of the filter. An idealized
model of the filter given in Fig. 32 shows the filter topology which has been chosen. The
electrical length of all the stubs and cascade lines used is 90° at 30GHz. Therefore the
biggest attenuation of the filter is near 30GHz and the characteristic is symmetric around
this frequency.

The circuit has been optimized for various number of stubs, giving different optimal
characteristics. The smallest number of stubs that gives satisfying characteristics of the
filter is 4.

The optimal transmission and reflection characteristics are shown in Fig. 33. The
minimal attenuation in the stop-band of the filter is 25dB at 20GHz and 40GHz. The
maximal attenuation in the pass-band of the filter is 0.25dB.

Tab. 16 shows the optimal impedances of the elements of the filter. The impedance of
the po-45-c-2 and po-45-c-2 stubs is 27(2 and since the range of the available impedances
is 500Q-75Q they are split into two stubs with the impedance two times larger (see
Sect. 4.3.2), which is 549.

4.4.2 Realization and measurements

A test circuit of the F0-15 low pass filter has been realized on Alumina substrate, €, = 9.9,
h = 635um, t = 10um (see Fig. 35). Fig. 34 shows the results of the measurements of this
circuit. Very good agreement with the simulation results may be observed. The highest
attenuation in the pass-band is about 2dB at 15GHz.

33



o0 <C
oAl

v Al
| A,B]
V V V
o o<
o B
0 Lo«
! o

| S —
0.0 H 50.0 G A 50.0

0 H Gz A
0 H 50.0 G B

0.0
0.0
dB(s21) dB(s11) phase(s11)
(a) (b)
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Figure 34: Measured transmission (a) and reflection (b) of FO-15 low pass filter
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EPSILAM | Alumina

Element Zo S w S w

[ | [pn] | [pm] | [um] | [pm]
po-45-c-1 50 | 50 110 30 70

po-45-c-4
t1-45-c-1 95 50 55 30
t1-45-c-3
po-45-c-2 27 - - - -
po-45-c-3
po-45-c-2a | 54 | 50 80 30 50
po-45-c-2b
po-45-c-3a
po-45-c-3b
t1-45-c-2 95 50 55 30
5092 line 50 | 50 110 30 70
(probe) - - 40 80

Electrical length | Physical length [pm]
at 15GHz [°] EPSILAM | Alumina

45 1050 1070

Table 16: Impedances of the elements of F0-15 low pass filter — results of the optimization
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Figure 35: The F0-15 low pass filter — test circuit realized in the coplanar technology.
Substrate: Alumina, €, = 9.9, h = 635um, t = 10um. All dimensions in pm.
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Figure 36: Idealized model of F20-40 band pass filter

4.5 F20-40 band pass filter
4.5.1 Modelling
The conditions that the band pass F20-40 filter should satisfy are:

e Pass band: 20-40GHz

o Maximal attenuation in the pass band: 0.25dB
e Stop band: 0-15GHz

e Minimal attenuation in the stop band: 20dB

o The reflection coefficient in the stop band should approximate a shunt

All of these points are the conditions for the optimization of the filter. An idealized
model of the filter given in Fig. 36 shows the topology of the filter which has been chosen.
The electrical length of all the stubs and cascade lines used is 90° at 30GHz. Therefore the
attenuation at 30GHz is zero and the characteristics is symmetric around this frequency.

The circuit has been optimized for various number of stubs, giving different optimal
characteristics. The smallest number of stubs that gives satisfying characteristics of the
filter is 5.

The optimal transmission and reflection characteristics are shown in Fig. 37. The
minimal attenuation in the stop-band of the filter is 20dB at 15GHz and 45GHz. The
maximal attenuation in the pass-band of the filter is 0.2dB.

Tab. 17 shows optimal impedances of the elements of the filter. The impedance of the
ps-45-c-1 and ps-45-c-5 stubs is 33Q2 and since the range of the available impedances
is 500Q-75Q they are split into two stubs with the impedance two times larger (see
Sect. 4.3.3), which is 66.

4.5.2 Realization and measurements

A test circuit of F20-40 band pass filter has been realized on Alumina substrate (see
Fig. 39). Fig. 38 shows the results of the measurements of this circuit. Very good agree-
ment with the simulation results may be observed. The attenuation in the pass-band is

about 2-4dB.
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Figure 37: Transmission (a) and reflection (b) of F20-40 band pass filter, results of the

optimization
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Figure 38: Measured transmission (a) and reflection (b) of F20-40 band pass filter
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EPSILAM | Alumina

FElement Zo s w s w
(2] | [pn] | [pm] | [pm] | [pm]

ps-45-c-1 33 - - - -
ps-45-¢-5
ps-45-c-la | 66 | 60 50 35 30
ps-45-c-1b
ps-45-c-Ha
ps-45-c-5b
t1-45-c-1 52 | 50 90 30 60
t1-45-c-4
ps-45-c-2 | 52 | 50 95 30 60
ps-45-c-4
t1-45-c-2 0| 75 50 45 30
t1-45-c-3
ps-45-c-3 | B8 | 50 60 30 40
5092 line 50 | 50 110 30 70
(probe) - - 40 80

Electrical length | Physical length [pm]
at 15GHz [°] EPSILAM | Alumina
45 1050 1070

Table 17: Impedances of the elements of F20-15 band pass filter — results of the optimiza-
tion
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Figure 39: F20-/0 band pass filter — test circuit realized in the coplanar technology. Sub-
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4.6 FO0-10 low pass filter and F15 band pass filter

As we saw in the last chapters, we may choose the impedances of all the transmission
lines from the range optimal for a given substrate, minimizing the discontinuities, so their
influence on the characteristics of the filters is not important in the interesting band 0-
40GHz. Since the work-band of the filters FO-10 and F0-15 is just 0-15GHz and we are
going to use the same range of impedances of the transmission lines as in the case of the
filters F0-15 and F20-40, we should achieve good results by using the same simple method
of the circuit design.

4.6.1 Interconnection between F0-10 and F15 filters

The biggest problem with the filters F0-10 and F15 is the interconnection between them.
Therefore they should be analized together. Besides the conditions of how the transmis-
sion characteristics of the filters should look like, additional conditions appear for the
configuration and the reflection coefficients in the stop-bands of the filters in the plane
of interconnection. If we are able to satisfy such conditions, the optimizations of the
impedances of the transmission lines may be done independently for two filters.

The topology of F0-10 low pass filter is shown in Fig. 40. The port 3 of the filter
is connected to the F15 band pass filter. The element t1-90-s should work as a serial
shunted stub in the pass band of the F0-10 filter (0-10GHz). Therefore F15 filter should
approximate a shunt in this band. This is a condition for optimization of this filter.

The transition of the signal from the port 3 to 2 of the F0-10 filter should be assured
in the pass-band of F15 band pass filter. Since this band is very narrow, near 15GHz, it
is easy to satisfy this condition by choosing an appropriate topology of FO0-10 filter. The
following conditions should be satisfied:

o t1-90-s’s impedance should be 5012

o s5-90-s-3 serial shunted stub should be an open circuit near 15GHz. Therefore its
electrical length is set to 90° at this frequency (see Sect. 4.3.4).

e po-90-c parallel open stub should be a shunt near 15GHz. Therefore its electrical
length is set to 90° at this frequency (see Sect. 4.3.2).

The model of F0-10 and F15 filters connected together is shown in Fig. 42 The element
t1-90-s is a slot line in the planar realization of the circuit. Since the ports of the F15
filter are coplanar a transition from the slot to coplanar standard is needed. Fig. 43
shows such transition and its idealized model. The modified circuit of the FO-10 and F15
filters is shown in Fig. 44. The additional element ps-90-s represents the slot-to-coplanar
transition. It was tested that this change of the topology has no significant influence on
the characteristics of the circuit in the desired band. The transmission characteristics
of a modified idealized model of F15 and F0-10 filters, connected together, are shown in
Fig. 47.
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4.6.2 FO0-10 low pass filter
The conditions that the low pass FO0-10 filter should satisfy are:

e Pass band: 0-10GHz
o Maximal attenuation in the pass band: 0.25dB
e Stop band: 15GHz

Since the stop band is just a single frequency it is easy to satisfy this condition by
choosing appropriate topology of the filter. A parallel open stub and serial shunted
stubs, all of the length 90° at the frequency 15GHz have been used, so they satisfy
this condition and it does not have to be considered during the optimization.

e Conditions on the topology of the filter which were presented in the Sect. 4.6.1

The topology of the filter is shown in Fig. 40. The serial shunted stubs are realized as
slot lines. The 50€) impedance has been fixed for all of these lines and it is not a subject
of the optimization. The only optimized impedance is that of the parallel open stub.
The results of the optimization show that to satisfy the first condition this impedance
should be the highest possible. Since we have chosen an optimal impedance range for our
substrates: 500-75(2, the realized impedance of the stub is 75().

Fig. 45 shows the characteristics of the filter after optimization. Tab. 18 shows the
optimal impedances of the elements of FO-10 and F15 filters.

4.6.3 F15 band pass filter
The conditions that the band pass F15 filter should satisfy are:

e Pass band: around 15GHz. The width of the band is not important, since this filter
should pass only the local oscillator signal, which has a constant frequency 15GHz.

e Stop band: 0-10GHz
e Minimal attenuation in the stop band: 20dB

o The reflection coefficient in the stop band should approximate a shunt

All of these points are the conditions for the optimization of the filter. Various
topologies have been considered during the optimization, giving different sets of optimal
impedances of the lines and different degree of approximation. One of the best topologies
found is shown in Fig. 41. Fig. 46 shows the characteristics of the filter after optimization.
Tab. 18 shows the optimal impedances of the elements of FO-10 and F15 filters.
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Figure 40: Idealized model of the F0-10 low pass filter

4.6.4 Realization and measurements

The test circuit of both filters F0-10 and F15 connected together has been realized on the
EPSILAM substrate, ¢, = 10.2, h = 635um, t = 20pum (see Fig. 48). Fig. 49 shows the
results of the measurements of this circuit. Good agreement with the simulation results
may be observed. Maximal attenuation in the FO0-10 filter pass-band is about 2.5dB
at 10GHz. The measured F15 filter characteristic has a resonance at about 15GHz, as
predicted in the simulations. The minimal attenuation is about 5dB. The insertion losses
should be much lower on Alumina substrate, since the material losses are much smaller
in Alumina than in EPSILAM. Therefore Alumina was chosen for the realization of the
final circuit.
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EPSILAM | Alumina
Element | Line | ¢15 | Zo s w S w
P | 191 | ] | (pon] | o] | o]
FO0-10 | po-90-¢ copl. | 90 | 75 | 95 50 45 30

$s-90-s-1 slot 90 | 50 50 - 40 -
$5-90-s-2
$s-90-s-3
t1-45-s slot 45 | 50 50 - 40 -
ps-90-s slot | 90 | 50 | 50 - 40 -

t1-45-c-0 copl. | 45 | 50 | 50 110 30 70
F15 | ps-45-c-1 | copl. | 45 | 25 - - - -
ps-45-c-2
ps-4h-c-la 50 | 50 110 30 70
ps-45-c-1b
ps-45-c-2a
ps-45-c-2b
t1-45-c-1 copl. | 45 | 50 | 50 110 30 70
t1-45-c-2
po-45-c copl. | 45 | 60 | 50 60 30 40
5092 line copl. 50 | 50 110 30 70

Line | Electrical length | Physical length [pm)]

at 15GHz [°] EPSILAM | Alumina
copl. 45 1050 1070
90 2100 2140
slot 45 1125 1135
90 2250 2275

Table 18: Impedances of the elements of the FO-10 low pass filter and the F15 band pass
filter connected together — results of the optimization
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Figure 41: Idealized model of the F15 band pass filter
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Figure 42: Idealized model of the FO-10 low pass filter and the F15 band pass filter con-
nected together
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Figure 43: Coplanar to slot line transition (a) and its idealized model (b)
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Figure 44: Modified idealized model of the FO0-10 low pass filter and the F15 band pass
filter connected together. The additional parallel shunted slot stub ps-90-s represents the
slot-to-coplanar line transition
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Figure 46: Transmission (a) and reflection (b) of the F15 band pass filter — results of the
optimization
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Figure 47: Transmission of the F0-10 low pass filter (a) and the F15 band pass filter (b)

connected together — results of the optimization
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Figure 48: The F0-10 low pass filter and the F15 band pass filter connected together — test
circuit realized in the coplanar technology. Substrate: FPSILAM, ¢, = 10.2, h = 635um,
t=20um.
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Figure 49: Measured transmission of the F0-10 and F15 filters connected together
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4.7 Final circuit

Fig. 50, 51, 52 and 53 show all the filters designed in Sect. 4 connected together in the
final circuit (compare with Fig. 35, 39 and 48). The circuit has been realized on Alumina
substrate, €, = 9.9, h = 635um, t = 10pum. There is a place for diode connections between
the F0-15 and F20-40 filters (see Fig. 12). However, because of technical problems the
diodes have not been actually mounted in the circuit.
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Figure 50: All the filters in the final circuit of the mizer — realization in the coplanar
technology. Substrate: Alumina, ¢, = 9.9, h = 635um, t = 10um. All dimensions in pm.
See details in: Fig. 51 (F0-10, F15), Fig. 52 (F0-15), Fig. 53 (F20-40), and Fig. 12 (D).
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detail from Fig. 50. All dimensions in um.
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5 Conclusions

Design of a subharmonically pumped K band mixer with an anti-parallel pair of diodes has
been presented. The nonlinear-linear analysis of the circuit gave conditions for the filter
design. The filters have been designed in a uni-planar technology on the following sub-
strates: Alumina, e, = 9.9, h = 635um, t = 10um, and EPSILAM ¢, = 10.2, h = 635um,
t = 20pm. Distributed elements have been used and modelled with ideal transmission
lines, without considering the influence of discontinuities and dispersion. This is justified
by the choice of the optimal transmission line impedance ranges for which the transverse
dimensions of the lines were minimal for both substrates. Measurements have been lim-
ited to the absolute values of S7; and S3; coefficients only. The results have shown very
good agreement between simulation and measurements of the filters in the frequency band

0-40GHz.
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