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1 PrefaceDesign of a subharmonically pumped K band mixer with an anti-parallel pair of diodesis presented in this thesis. Modelling is split into nonlinear-linear and linear part. Anonlinear modelling tool { Kerr's re
ection algorithm and a small signal analysis methodare introduced. They are used in the nonlinear-linear analysis of the circuit. The resultsof nonlinear-linear analysis yield the conditions for the linear part of the project.The �lters are designed in uni-planar technology using distributed elements and mod-elled with ideal transmission lines, without considering in
uence of discontinuities anddispersion. The results of numerical optimization and measurements of the �lter testcircuits are presented. The results show very good agreement between simulation andmeasurements 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 atthe Technical University of Gda�nsk. Modelling, realization and measurements of thepassive elements of the mixer have been carried out at the Ecole Nationale Sup�erieure desT�el�ecommunications de Bretagne, in Brest.The MDS-HP software has been used in the modelling of the �lters.
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2 Introduction2.1 Design speci�cationsA subharmonically pumped K band mixer intended to extend the bandwidth ofTEKTRONIX 2755 spectrum analyzer (see [1]).Input bands:� 20-30GHz� 40-40GHzOutput band:� 0-10GHzLO signal:� Frequency: approximately 15GHz� Available power: PLO � 10mWConnectors:� Input port: 50
 SSMA. It enables direct coaxial line input for signals from18{26.5GHz band, and waveguide input for signals from 26.5{40GHz using arectangular waveguide { SSMA transition� Output and LO ports: 50
 SMA connectorsNonlinear element:� Anti-parallel pair of diodesConversion 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:� EPSILAM, �r = 10:2, h = 635�m, t = 20�m� Alumina, �r = 9:9, h = 635�m, t = 10�m� DUROID, �r = 2:2, h = 256�m, t = 20�m8



3 Nonlinear-linear modellingThis section focuses on the nonlinear-linear part of the project. Large and small signalanalysis of one diode circuits and circuits with an anti-parallel pair of diodes are presentedin Sect. 3.1 and 3.2. The idea of a subharmonically pumped mixer is introduced inSect. 3.3. Sect. 3.4 describes the diodes used in the project. Sect. 3.5 presents thenumerical analysis of the nonlinear circuit.In the nonlinear-linear analysis of the diode circuits we assume that the followingconditions are satis�ed:� circuit has one harmonic source (and a polarisation source if necessary1)� circuit is in a steady state� circuit is stable3.1 Large signal analysis3.1.1 Large signal analysis of one diode circuitsFig. 1 shows the Thevenin's large signal model of a one diode circuit with one harmonicsource VLOej!pt, VLO being the source voltage magnitude, and !p denoting the sourcefrequency.
VLO e j tωP

Z(nω )P I

VFigure 1: Thevenin's large signal model of one diode circuitsI(t) and V (t) on the diode may be represented in the form of the Fourier series:I(t) = 1Xn=�1 Inejn!pt (1)V (t) = 1Xn=�1 Vnejn!pt (2)From the Kircho�'s voltage law:VLOej!pt = 1Xn=�1 InZ(n!p)ejn!pt + 1Xn=�1 Vnejn!pt (3)1It is not the case in this project, where an anti-parallel pair of diodes is used9



Various methods may be used to calculate I(t) and V (t) waveforms, or In and Vn coef-�cients (see [2, pp. 91{101]). Kerr's re
ection algorithm is used in this project. It isintroduced in Sect. 3.5.1.3.1.2 Large signal analysis of circuits with an anti-parallel pair of diodesOne diode model introduced in Sect. 3.1.1 may be used for analysis of many variouscon�gurations of diodes. Since we are going to work with an anti-parallel pair of diodes,the equivalent circuit will be shown for such a con�guration.Fig. 2 shows the Thevenin's large signal model of circuits with an anti-parallel pair ofdiodes.
e j tωP

LOV’

Z’(nω )P I

V

1 2I IFigure 2: Thevenin's large signal model of circuits with anti-parallel pair of diodesV (t) and I(t) are given by the Fourier series (2) and (1) respectively. The currentsI1(t) and I2(t) are functions of V (t). Since the diodes are connected in the anti-parallelcon�guration and it is assumed that they have the same characteristics, the followingcondition is satis�ed:If I1(t) = fI(V (t)) (4)then I2(t) = �fI(�V (t)) (5)Currents I1(t) and I2(t) may be expanded in the Fourier series:I1(t) = 1Xn=�1 I1nejn!pt (6)I2(t) = 1Xn=�1 I2nejn!pt =� 1Xn=�1 I1nejn(!pt��) (7)From the Kircho�'s current law we get:I(t) = I1(t) + I2(t) (8)or in the frequency domain: In = I1n + I2n (9)10



From (6), (7) and (9) it follows that:( for odd n: I1n = I2n and In = 2I1nfor even n: I1n = �I2n and In = 0 (10)The circuit satis�es the Kircho�'s voltage law analogically to (3):V 0LOej!pt = 1Xn=�1 InZ 0(n!p)ejn!pt + 1Xn=�1 Vnejn!pt (11)Using (10) the above relation becomes:V 0LOej!pt = 1Xn0=�1 2I2n0+1Z 0((2n0 + 1)!p)ej(2n0+1)!pt + 1Xn=�1 Vnejn!pt (12)Comparing (12) and (3) we may construct an equivalent one diode model with the pa-rameters: Z(n!p) = ( 2Z 0(n!p) for odd n0 for even n (13)and VLO = V 0LO (14)(see Fig. 3).
e j tωP

LOV’

2Z’(nω )P(a) (b)Figure 3: Equivalent large signal one diode model for the circuit with an anti-parallel pairof diodes. Odd (a) and even harmonics (b).The available local oscillator power of the equivalent circuit is:PLO = VLO8<[Z(!p)] = V 0LO8<[2Z 0(!p)] = P 0LO2 (15)
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3.2 Small signal analysis3.2.1 Small signal analysis of one diode circuitsIn the large signal analysis of the diode circuits (Sect. 3.1) we have assumed that therewas only one input signal. Here we will see what happens in the circuit, when additionalsmall input signal is applied.Variations of the diode current, caused by the additional voltage signal may be ex-pressed by the Taylor series:I(V + v) = fI(V + v) =fI(V ) + @fI@v0 �����v0=V v + 12! @2fI@v02 �����v0=V v2 + ::: (16)where V = V (t) is a large input signal, and v = v(t) is an additional small signal. Withthe assumption V � v:I(V + v)� I(V ) ' @fI@v0 �����v0=V v = g(t) � v (17)where g(t) is the small signal parametric conductance:g(t) = @I@v0 �����v0=V (t) (18)If the diode is pumped with one harmonic source, then V(t) is given by (2) and g(t) maybe expressed as a Fourier series: g(t) = 1Xn=�1Gnejn!pt (19)where !p is the source frequency.Analogical approach may be used for small signal parametric capacitance giving itstime representation: c(t) = @Q@v0 �����v0=V (t) (20)with Q denoting large signal charge. The Fourier series representation of c(t) is:c(t) = 1Xn=�1Cnejn!pt (21)Fig. 4 shows the Thevenin's small signal model of a one diode circuit. Fig. 5 shows anequivalent Norton's model.Thevenin's and Norton's circuits are related by equations:IS = VS � Z(!s + K!p) (22)Y (!s + m!p) = [Z(!s + m!p)]�1 (23)12
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YmnFigure 4: Thevenin's small signal model of one diode circuit
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e j( +KωS )t
SI YmnFigure 5: Norton's small signal model of one diode circuitThe diode is represented by parametric admittance Ymn. We will represent Ymn withcoe�cients Gn and Cn .For the small-signal analysis the diode is no longer treated as a nonlinear element, butas a linear time-variable conductance (g(t)) and capacitance (c(t)). Then:i(t) = g(t)v(t) + d(c(t)v(t))dt =g(t)v(t) + dc(t)dt v(t) + c(t)v(t)dt (24)The small voltage v(t) and current i(t) signals may be expressed in the series form:v(t) = 1Xn=�1 VSnej(!s+n!p)t (25)i(t) = 1Xn=�1 ISnej(!s+n!p)t (26)Equation (24) may be then expressed as a series:1Xk=�1 ISkej(!s+k!p)t = 1Xm=�1 1Xn=�1GmVSnej[!s+(m+n)!p]t +1Xm=�1 1Xn=�1 j[!s + (m+ n)!p]CmVSnej[!s+(m+n)!p]t =1Xm=�1 1Xn=�1 YmnVSnej[!s+(m+n)!p]t (27)13



where: Ymn = Gm + j[!s + (m + n)!p]Cm (28)From the Kircho�'s current law applied to the Norton's model we get:ISej(!s+K!p)t = 1Xm=�1 Y (!s + m!p)VSmejk(!s+m!p)t +1Xm=�1 1Xn=�1 YmnVSnejk[!s+(m+n)!p]t (29)Comparing the coe�cients at the same ejk!pt terms in (29) we have:Y (!s + k!p)VSk + 1Xm=�1 Ym(k�m)VS(k�m) = ( IS for k = K0 for k 6= K (30)where the unknowns are complex voltage magnitudes VSn at frequencies !n = !s + n!p.Equation (30) describes mixer in a steady state.3.2.2 Small signal analysis of circuits with anti-parallel pair of diodesFig. 6 shows the Thevenin's small signal model of circuits with an anti-parallel pair ofdiodes . Fig. 7 shows an equivalent Norton's model.
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S Y YI’ Y’( 1mn 2mnFigure 7: Norton's small signal model of circuits with anti-parallel pair of diodesBoth circuits are related by equations analogical to (22) and (23). Two diodes arerepresented by parametric admittances Y1mn and Y2mn. We will show that the smallsignal model of the circuit with an anti-parallel pair of diodes may be replaced by anequivalent one diode model. 14



Dynamic conductances g1 and g2 are functions of large voltage signal V (t), and sincethe diodes have the same characteristics, the following condition is satis�ed:If g1(t) = fg(V (t)) (31)then g2(t) = fg(�V (t)) (32)Conductances g1(t) and g2(t) may be expanded in a Fourier series:g1(t) = 1Xn=�1G1nejn!pt (33)g2(t) = 1Xn=�1G2nejn!pt =1Xn=�1G1nejn(!pt��) (34)The analogical analysis may be performed for dynamic capacitances c1(t) and c2(t)with coe�cients C1n and C2n in the Fourier series respectively. Hence, c2(t) may beexpressed, like g2(t), but with coe�cients C1n:c2(t) = 1Xn=�1C2nejn!pt) =1Xn=�1C1nejn(!pt��) (35)Like in (28) complex parametric admittances of each diode in a circuit may be expressedwith G1;2mn and C1;2mn coe�cients:Y1;2mn = G1;2m + j[!s + (m + n)!p]C1;2m (36)The small signal admittance of an anti-parallel pair of diodes is:Ymn = Y1mn + Y2mn (37)From (34), (35), (36) and (37):( for odd m: Y1mn = �Y2mn and Ymn = 0for even m: Y1mn = Y2mn and Ymn = 2Y1mn (38)Analogically to (30), we have:Y 0(!s + k!p)Vsk + 1Xm=�1 Ym(k�m)VS(k�m) = ( I 0S for k = K0 for k 6= K (39)where K denotes the input signal index (I 0Se!s+K!p).15



Putting (38) into (39) and dividing both sides of the equation by 2 we have:Y 0(!s + k!p)2 � VSk + 1Xm0=�1 Y2m0(k�m0)VS(k�2m0) = ( I 0S2 for k = K0 for k 6= K (40)Comparing (40) with (30) we may construct an equivalent one diode small signal modelwith the following impedances:Z(!s + m!p) = ( 0 for even m2Z 0(!s + m!p) for odd m (41)(see Fig. 8).
Y1mn
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SV’ Y1mn(a) (b)Figure 8: Equivalent small signal one diode model of circuit with anti-parallel pair ofdiodes. Odd (a) and even m (b).
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g(U)
I(U)

U(a) (b)Figure 9: Anti-parallel pair of diodes (a) and its characteristics (b)3.3 Subharmonically pumped mixerIf a diode is pumped with a large single harmonic LO signal VLOej!pt it can be modelled bysmall signal parametric conductance g(t) and capacitance c(t), which may be written asFourier series (19) and (21) respectively. Aplying an additional small signal ISej(!s+K!p)ton the diode we achieve mixing signals of the frequencies:!mix = j!s + n!pj (42)with n being an integer (see eq. (30)).Two diodes may be connected together to form an anti-parallel pair (Fig. 9). Thecharacteristic of such an element is then symmetric as shown in the same �gure. It hasbeen shown in Sect. 3.1.2 and 3.2.2 that the use of an anti-parallel pair of diodes as anonlinear element of the mixer results in the large current signal having only odd harmoniccomponents, and the parametric admittance having only even harmonic components. Itmeans that the frequencies of the output signals will be given by (42) with n being an eveninteger. Fig. 10 shows the large current signal In and the parametric conductance Gn inthe 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 arepossible: k � 30GHz� IF! IF (43)Fig. 10 shows these bands for 0 < IF < 10GHz. Products with k = 1 in (43) are the onesthat are used in the project. Therefore the input bands are: 20-30GHz and 30-40GHzand the output band is 0-10GHz (see design speci�cations in Sect. 2.1). The bands withk higher than 1 are parasitic bands and should be �ltered out. However, the complexityof the �lter design grows with frequency. The characteristics of the �lters (Sect. 4) will beconsidered only in the band 0-40GHz. Therefore the in
uence of the higher input bandsexistence should be tested. It will be performed in Sect. 3.5.4, where we will analyze thecircuit numerically. 17
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1.0 mA 1.5 mA 3.0 mAFrequency Re
. Coe�. Re
. Coe�. Re
. Coe�.(GHz) Mag Ang Mag Ang Mag Ang4 0.752 -7.1 0.607 -7.1 0.511 -7.16 0.752 -10.7 0.606 -10.7 0.510 -10.68 0.750 -14.3 0.604 -14.3 0.508 -14.210 0.749 -18.0 0.602 -17.9 0.506 -17.912 0.747 -21.7 0.600 -21.6 0.503 -21.614 0.744 -25.5 0.597 -25.4 0.500 -25.416 0.742 -29.3 0.593 -29.2 0.496 -29.318 0.739 -33.2 0.590 -33.1 0.492 -33.220 0.736 -37.2 0.586 -37.2 0.488 -37.322 0.732 -41.4 0.581 -41.3 0.483 -41.524 0.728 -45.6 0.577 -45.6 0.478 -45.826 0.724 -49.9 0.572 -50.0 0.473 -50.328 0.720 -54.4 0.567 -54.6 0.467 -55.030 0.716 -59.1 0.562 -59.3 0.462 -59.832 0.711 -63.9 0.557 -64.2 0.456 -64.934 0.707 -68.8 0.552 -69.3 0.451 -70.136 0.703 -73.9 0.547 -74.5 0.447 -75.6Table 1: RF impedance data for MA40417 diode3.4 DiodesMA40417 beam lead diodes have been chosen for the realization of the mixer. Tab. 1shows RF impedance data for one diode. The diode and its dimensions are shown inFig. 11. Two diodes are mounted in parallel in the uni-planar circuit2 (see Fig. 12).The dimensions refer to Alumina substrate: �r = 9:9, h = 635�m, t = 10�m. Thecon�guration shown in Fig. 12 introduces large discontinuity to the circuit. For its exactmodelling complicated full wave numerical methods should be used3. We will modelthe circuit with the simplest method possible, using ideal transmission lines withoutconsidering the in
uence of discontinuities and dispersion. The discontinuity of the diodeconnections will not be introduced to the model. Therefore it is important to test thesensitivity of the mixer characteristics to the change of load impedances of the diodes. Itwill be performed in Sect. 3.5.4, where we will analyze the circuit numerically.2Uni-planar technology will be introduced in Sect. 4.23such as Finite Elements (FEM), Finite Di�erences (FD), or Spectral Domain Method19
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3.5 Numerical nonlinear-linear analysis3.5.1 Kerr's re
ection algorithmKerr's re
ection algorithm is described in [2, pp. 97{101]. The LO source network andthe diode are separated by a section of an ideal transmission line of the characteristicimpedance Zc. The transmission line is assumed to be an integer number of wavelengthslong at the fundamental LO frequency, and hence at all its harmonics as well, and thereforedoes not a�ect the steady state voltages and currents at diode terminals. It enablesincident and re
ected waves to be de�ned, and to spliting the analysis into the linear andnonlinear parts.Before a re
ected wave appears at the input, the transmission line is electrically equiv-alent to its characteristic impedance Zc. The incident voltage wave is given by:V (1)i (t) = VLOZcqZ2c + jZ1j2 cos(!pt + �) + VBZcZc + Z0 (44)where � = � tan�1  =(Z1)<(Z1) + Zc! (45)Zn - Thevenin's impedance of the circuit for n-th LO harmonic,VB - polarisation source voltage,VLO - harmonic source voltage,and superscript denotes iteration number.The incident wave V (1)i (t) re
ects from the diode:V (1)r (t) = V (1)d (t)� I(1)d (t)Zc2 (46)where V (1)d (t) = V (1)i (t� � ) (47)is the diode incident voltage wave, and Id(t) is the current response of the diode to Vd(t).The Vr voltage response contains harmonics. The Fast Fourier Transform is used torepresent the signal in the frequency domain:V (1)r (n) = MXm=0V (1)r (mT )ejn!p(mT ) (48)where M is the number of points in the discrete representation of the signal.Every harmonic re
ects from the corresponding impedance Zn at the input with there
ection coe�cient �n: �n = Zn � ZcZn + Zc (49)and modi�es the incident wave: 21
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Figure 13: Kerr's re
ection algorithmV (2)i (n) = V (1)i (n) + V (1)r (n) � �n (50)The Inverse Fast Fourier transform is used to represent the new incident wave in the timedomain. 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. err(k) = vuut 1M MXm=0 h(V (k�1)d (mT ))2 + (V (k)d (mT ))2i (51)with the termination criterion: err(k) � errMAX (52)The transmission line's characteristic impedance Zc may be chosen arbitrarily; thisvalue has no in
uence on the solution of the problem. However, it may have an in
uenceon the iteration convergence speed. The algorithm has been used in the project with 50
transmission line.The idea of the Kerr's re
ection algorithm is shown in Fig. 13.22



3.5.2 Numerical modelling of parametric circuitsThe most important parameter of a mixer is conversion loss (Lc). It is de�ned as the ratioof small signal source available power to the power delivered to the load at the outputmixing frequency: LcK = 10 lg PS(0)PS(K) (53)where indices in PS and Lc denote the bands (n in eq. (42)). In this project the outputband is the one closest to DC (n=0), and two input bands have indices n = K = �2. Theavailable source power (Norton's model in Fig. 5) is given by:PS(K) = jIS(K)j28<[Y (!s + K!p)] (54)We will calculate the power delivered to the load at the output mixing frequency (PS(0)).The unknown complex voltage magnitudes VSn in (29) should be calculated. Equation(29) is an in�nite series, and in a general case its exact solution is impossible. In thenumerical modelling the equation is truncated at m = �N and n = �N :IS(K)ej(!s+K!p)t = NXm=�N Y (!s + m!p)VSmejk(!s+m!p)t +NXm=�N NXn=�N YmnVSnejk[!s+(m+n)!p]t (55)Equation (55) may by written in a matrix form:26666666666664 0...0IS(K)0...0 37777777777775 = 0BBBBB@2666664 Y (!s �N!p) 0 � � � 00 . . . ...... . . . 00 � � � 0 Y (!s + N!p) 3777775+266664 Y0;�N Y�1;�N Y�2;�N � � � Y�2N;�NY1;�N+1 Y0;�N+1 Y�1;�N+1 � � � Y�2N+1;�N+1... ... ... . . . ...Y2N;N Y2N�1;N Y2N�2;N � � � Y0;N 3777751CCCCA266664 VS(�N)VS(�N+1)...VS(N) 377775 (56)or in a more compact form: IS = YS � VS (57)By elimination of variables, (57) may be converted to:" 0IS(K) # = " YS(0;0) YS(0;K)YS(K;0) YS(K;K) # " VS(0)VS(K) # (58)23



relating the RF and IF port voltages and the source RF current. Equation (58) is a setof 2 linear equations with 2 unknowns, and can easily be solved.The output IF power may then be calculated from:PS(0) = 18 jVS(0)j2 � <[Y (!s)] (59)Putting (54) and (59) into (53) and considering (22) and (23) gives an expression forconversion loss: LcK = 10 lg jIS(K)j2jVS(0)j2 � <[Y (!s)] � <[Y (!s + K!p)] =10 lg jVS(K)j2jVS(0)j2 � <[Z(!s)]<[Z(!s + K!p)] (60)
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3.5.3 Software descriptionThe computer program DIODEMX (listed and described in [2, App. A]) has been usedfor nonlinear-linear analysis of the mixer4. DIODEMX is written in PASCAL and consistsof two parts:� Large-signal analysis, which is an implementation of the Kerr's algorithm(Sect. 3.5.1)� Small-signal analysis, based on the data from previous point (Sect. 3.5.2)The input of the program is a �le with the following format ([2, p. 315]):DIODE I0 n Cj0 � 
 Rs tempVOLTS VLO VbiasPOWER PLOFREQS LOfreq IFfreqMISCL Zc tolZSIG1 Zs�4 Zs�3 Zs�2 Zs�1ZSIG2 Zs0 Zs1 Zs2 Zs3 Zs4ZELO1 Z0 Z1 Z2 Z3ZELO2 Z4 Z5 Z6 Z7 Z8DIODE lists the diode parameters:I0 { Current parameter for the I=V characteristic [A];n { Ideality factor;Cj0 { Zero-voltage junction capacitance [F];� { Junction built-in potential [V];
 { Exponent for the capacitance characteristic (0.5);Rs { Series resistance [
];temp { Temperature [K].VOLTS lists LO and bias voltages:VLO { The LO source open-circuit peak value(PLO = V 2LO=8<[Zs(!p)]);Vbias { The DC bias voltage.POWER5 { if it exists the value of VLO is ignored:PLO { The LO source available power.FREQS lists LO and IF frequencies [Hz]:4The program has been slightly modi�ed to allow simple optimization5This entry doesn't exist in the original program.25



LOfreq { The applied LO frequency;IFfreq { The mixing frequency closest to DC.MISCL list miscellaneous parameters:Zc { The characteristic impedance of the �ctitious 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-signalalgorithm will terminate.ZSIG1 and ZSIG2 list the small-signal embedding impedances:Zsn { The embedding impedance at !n in real and imaginaryform. The real part is �rst, then the imaginary.ZELO1 and ZELO2 list the LO harmonic embedding impedances:Zn { The embedding impedance of the LO harmonic at n!p.Zero must be entered for the imaginary part of Z0.Impedances are in real and imaginary form with the realpart �rst.Fig. 14 shows a sample input �le for the program.After reading an input �le, DIODEMX runs the Kerr's re
ection algorithm iterativeprocedure. It terminates if the error function (eq. (51)) drops below tol on the MISCLline, 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 andoutput frequency; i.e., the values of n for the frequencies !0 + n!p. In this project, theseare 2 and 0, and -2 and 0.
26



DIODE 7.0e-14 1.15 0.07e-12 0.86 0.5 8.0 295.0VOLTS 0.0 0.0POWER 2e-3FREQS 15e9 5e9MISCL 50.0 0.0005ZSIG1 0.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00ZSIG2 100.00 0.00 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00ZELO1 0.00 0.00 100.00 0.00 0.00 0.00 0.00 0.00ZELO2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00Figure 14: Sample input �le for DIODEMX program. Analysis of an anti-parallel pairof diodes using an equivalent one diode model (Z2n = Zs2n+1 = 0, Z2n+1 = 2Z 02n+1,Zs2n = 2Z 0s2n (n=0,1,2,...), PLO = 12P 0LO; where primed are the parameters of the circuitwith an anti-parallel pair of diodes (see. Sect. 3.5.2)). P 0LO = 4mW, Z 01 = Z 0s0 = Z 0s�2 =Z 0s2 = 50
, Z 02n+1 = 0 for n � 1, Z 02n = 0 for n > 1 and IFfreq = 5GHz.
27



3.5.4 Results of nonlinear-linear analysisIn the numerical nonlinear-linear analysis of the mixer, the computer programmeDIODEMX 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. Thefollowing is the list of a diode parameters:I0 = 7 � 10�14An = 1.15Cj0 = 0.07pF� = 0.86V
 = 0.5Rs = 8
temp = 295KLO power. Tab. 2 presents conversion losses and load impedances of the diodes as afunction of the LO power. It was assumed that the diodes were matched at the LO(15GHz) frequency (large signal model):Z 01 = Z 0�d (15GHz) (61)and in input and output bands (small signal model):Z 0S�2 = Z 0�d (30GHz � IF) (62)Z 0S0 = Z 0�d (IF) (63)where Z 0d(f) denotes input impedance of the diodes, � denotes complex conjugation, andIF is the output frequency: 0 < IF < 10GHz.The Thevenin's impedances of the circuit were set to 0 (shunts) at higher harmonicfrequencies (Z 02n0+1, n0 � 1) and in the higher order (parasitic) input bands (Z 0S�2n0 ,n0 > 1) Realization of shunts in the higher bands using simple design technique introducedin Sect. 4 is not possible for the considered substrates. Therefore, the sensitivity of thecircuit to the change of these impedances will be tested.Tab. 3 presents conversion losses as a function of the LO power when impedances Z 01,Z 0S�2 and Z 0S0 are set to 50
. Like in the last case, the impedances in higher bands areset to 0.Tab. 3 is of more practical importance than Tab. 2. It is easier to design �lters in 50
system than wide-band matching circuits, which should be realized to match the diodesand satisfy the assumptions from Tab. 2.LOeff in Tab. 3 is the local oscillator e�ciency describing the LO port matching.Three LC factors have been considered:LC�2(IF = 10GHz) for 20GHz ! 10GHz productLC�2(IF = 0) for 30GHz ! 0 productLC+2(IF = 10GHz) for 40GHz ! 10GHz productThe LC(IF) characteristic should be 
at. Therefore these values should be comparable.The di�erences �Lc decrease with the increasing LO power.28



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 arbitrarilyand is not the optimal one. The LO power should be veri�ed by an experiment.Tab. 4 presents conversion losses and load impedances of the diodes as a function ofthe 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 isvery di�cult6 Tab. 4 is of no practical importance.Tab. 5 presents conversion losses as a function of the IF frequency for the case whenthe diodes are matched at LO frequency7 ((61)) and terminated by the 50
 impedancesin input and output bands.Tab. 6 presents the same data for the case when the diodes are terminated by the50
 impedance at LO frequency. The data from Tab. 5 and 6 do not di�er signi�cantly.Therefore all the �lters will be designed in 50
 system.The minimum and maximum values of the conversion losses and the di�erences be-tween them are:� Input band: 20{30GHz{ LCmin = LC(20GHz) = 7.4dB{ LCmax = LC(30GHz) = 7.9dB{ �LC = 0.5� Input band: 30{40GHz{ LCmin = LC(30GHz) = 7.9dB{ LCmax = LC(40GHz) = 9.3dB{ �LC = 1.4�LC should be minimized. It may be optimized by experimentally choosing the optimalLO power. If it does not give satisfactory results, correctors may be designed, for instanceas external circuits (one per input band) connected to the output mixer port.Sensitivity to the change of impedances. In the simulations presented above, it wasassumed that the diodes were terminated by shunts at higher harmonic frequencies andin higher order input bands. In the linear part of the project (Sect. 4) very simple �ltermodels will be used. We shall not consider the in
uence of discontinuities and dispersionin transmission lines. Characteristics of the �lters will be only considered for the band0{40GHz. Therefore, load impedances of the diodes are unknown at higher frequenciesand sensitivity of conversion losses to the change of these impedances will be tested. Ithas to be noted that it will be just an estimation of the actual sensitivity. To have moreexact results, software more powerful than DIODEMX should be used.6In practice, considering the impedances which should be realized, even impossible in uni-planartechnology on substrates listed in design speci�cations (Sect. 2.1).7Since LO signal has constant frequency it is easy to construct appropriate matching circuit.29



Impedances Z 01, Z 0S�2 and ZS0 are set to 50
. Impedances in higher bands are set to0, except for the one which is tested.Tab. 7 presents sensitivity of the conversion losses to the change of Z 03 = Z 0(45GHz)impedance. Z 03 takes various values from the positive complex half-plane <(Z 03) � 0. Lcand �Lc factors are tested. In the worst cases �Lc�2max = 0.7dB and �Lc2max = 2.0dB.Tab. 8 presents sensitivity of the conversion losses to the change ofZs4 = Z 0(60GHz+IF) and Zs�4 = Z 0(60GHz-IF). Zs4 and Zs�4 takes the same valuesfrom positive complex half-plane <(Z 0s�4) � 0. In the worst case �Lc�2max = 0.8dB. Thechange of �Lc2 is not signi�cant (�Lc2max = 1.4dB).As we will see in Sect. 4, the anti-parallel pair of diodes is connected in series betweenlow pass and band pass �lters. The �lters have opposite characteristics, i.e. the low pass�lter passes and the band pass �lter re
ects all the signal in the band 0{15GHz, while inthe band 20{40GHz the band pass �lter passes all the signal and the low pass �lter re
ectsit. Since we assumed 50
 terminations of the diodes, the �lters should approximate ashunt in their stop bands. This condition splits into two parts:� The magnitude of the re
ection coe�cients should be approximately 1 (or 0dB)� The phase of re
ection coe�cients should approximately be equal to 180oThe �rst condition is easy to satisfy, and it will be a condition for optimization of the�lters. The second one, however, is impossible to satisfy in all the bands (0{15GHz and20{40GHz) and therefore the load impedances will have nonzero imaginary parts. Theirin
uence on the conversion losses will be tested.Tab. 9 shows the in
uence of the low pass �lters impedance in the band 20{40GHzon the conversion losses. The low pass �lter (F0-15) will be introduced in Sect. 4.4.Fig. 33(b) shows the re
ection coe�cient of its idealized model after optimization. At30GHz, the re
ection coe�cient is an exact shunt. The magnitude characteristic of there
ection is symmetric and its phase characteristic is anti-symmetric around 30GHz. The�lter is a conductive reactance in the band 20{30GHz, and an inductive reactance in theband 30{40GHz. Therefore the impedances Z 0s�2 and Z 0s2 may be expressed by symmetricequations: Z 0s�2 = 50
 � j� (64)Z 0s2 = 50
 + j� (65)with � being a positive real value. For � = 50
 the re
ection phase changes by 90o.Tab. 9 shows that the �lter has the largest e�ect in the lower input band (20{30GHz),where, for IF = 10GHz, conversion losses increase from 7.4dB to 9.4dB, i.e. by 2dB. Also,the di�erence between the LC peak values increases to �LC = 1.5dB. In the higher inputband (30{40GHz), conversion losses increase by about 0.5dB and �LC increases to 1.8dB.Tab. 10 shows the in
uence of the band pass �lters impedance on the conversion lossesfor the band 0{10GHz. The band pass �lter (F20-40) will be introduced in Sect. 4.5.Fig. 37(b) shows the re
ection coe�cient of its idealized model after optimization. There
ection coe�cient is a shunt at DC and behaves like a growing inductance with growingfrequency. Therefore the impedance Z 0s0 may be expressed by:Z 0s0 = 50
 + j� (66)30



IF = 0P 0LO Z 01[
] Z 0s�2[
] Lc�2 Z 0s0[mW] < = < = [dB] [
]0.5 9.54 69.43 9.84 33.33 6.65 235.640.7 12.54 68.57 12.21 32.38 6.31 179.171.0 16.27 67.17 14.78 30.82 6.16 141.011.5 21.94 64.07 18.00 27.77 6.19 105.552.0 26.21 60.78 19.79 24.98 6.33 86.853.0 32.26 53.64 21.34 20.42 6.67 65.644.0 35.56 47.19 21.56 17.23 6.99 54.115.0 37.21 41.47 21.33 14.88 7.30 46.486.0 37.75 36.54 20.91 13.05 7.59 40.977.0 37.75 32.60 20.45 11.70 7.83 37.138.0 37.35 29.20 20.01 10.62 8.06 34.219.0 36.79 26.38 19.58 9.74 8.26 31.9010.0 36.12 24.01 19.18 9.01 8.45 30.04Z 01 = Z 0�d (!0), Z 0s�2 = Z 0�ds(!0 � !s), Z 0s0 = Z 0�ds(!s)Table 2: Large and small signal analysis results. Conversion losses and load impedances ofthe diodes as functions of the LO power. Diodes matched at LO (15GHz (Z 01)) frequencyand in input (30GHz � IF (Z 0s�2)) and output (IF (Z 0s0)) bands.with � being a positive real value. For � = 50
 the re
ection phase changes by 90o.Tab. 9 shows that the �lter has no signi�cant in
uence on the conversion losses.
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IF = 10GHzIF = 0P 0LO LOeff Lc�2 Lc�2 Lc2 �Lc�2 �Lc�2[mW] [%] [dB] [dB] [dB] [dB] [dB]2 0.18 11.55 12.93 15.57 1.38 2.643 0.45 7.35 8.19 9.95 0.84 1.764 0.59 7.37 7.86 9.25 0.49 1.395 0.70 7.66 7.98 9.06 0.32 1.086 0.77 8.06 8.22 9.22 0.16 1.007 0.82 8.41 8.50 9.39 0.09 0.898 0.85 8.73 8.78 9.59 0.05 0.819 0.87 9.02 9.05 9.80 0.03 0.7510 0.89 9.30 9.30 10.00 0.00 0.70Z 01 = Z 0s0 = Z 0s�2 = Z 0s2 = 50
Table 3: Large and small signal analysis results. Conversion losses as a function of theLO power. Diodes terminated by 50
 impedances at LO (15GHz (Z 01)) frequency and ininput (30GHz � IF (Z 0s�2)) and output (IF (Z 0s0)) bands.IF Z 0s�2[
] Z 0s2[
] Lc�2 Lc2 Z 0s0[
][GHz] < = < = [dB] [dB] < =0 21.57 17.23 21.57 17.23 6.99 6.99 54.11 0.001 22.20 17.20 20.95 17.23 6.97 7.02 53.97 2.622 22.87 17.14 20.36 17.21 6.95 7.05 53.54 5.193 23.55 17.05 19.78 17.17 6.93 7.08 52.84 7.674 24.24 16.91 19.22 17.10 6.91 7.12 51.91 10.035 24.95 16.73 18.70 17.02 6.90 7.16 50.77 12.216 25.67 16.52 18.19 16.91 6.89 7.20 49.43 14.227 26.41 16.25 17.70 16.80 6.88 7.24 47.96 16.048 27.15 15.94 17.23 16.67 6.88 7.29 46.38 17.649 27.90 15.58 16.79 16.54 6.88 7.34 44.73 19.0310 28.65 15.16 16.37 16.40 6.88 7.39 43.03 20.22P 0LO = 4mWZ 01 = Z 0�d (!0) = 36 + j47, Z 0s�2 = Z 0�ds(!0 � !s), Z 0s0 = Z 0�ds(!s)Table 4: Small signal analysis results. Conversion losses and load impedances of thediodes as functions of mixing frequency. Diodes matched at LO (15GHz (Z 01)) frequencyand in input (30GHz � IF (Z 0s�2)) and output (IF (Z 0s0)) bands.32



IF Lc�2 Lc2[GHz] [dB] [dB]0 8.05 8.055 7.83 8.4910 7.83 9.09Z 01 = Z�d (!0) = 36 + j47
Z 0s0 = Z 0s�2 = Z 0s2 = 50
P 0LO = 4mWTable 5: Small signal analysis results. Conversion losses as a function of mixing frequency.Diodes matched at LO (15GHz (Z 01)) frequency and terminated by 50
 in input (30GHz� IF (Z 0s�2)) and output (IF (Z 0s0)) bands.IF Lc�2 Lc2[GHz] [dB] [dB]0 7.86 7.861 7.77 7.962 7.69 8.073 7.62 8.194 7.55 8.325 7.50 8.456 7.46 8.607 7.42 8.758 7.40 8.919 7.38 9.0810 7.37 9.25Z 01 = Z 0s0 = Z 0s�2 = Z 0s2 = 50
P 0LO = 4mWTable 6: Small signal analysis results. Conversion losses as a function of mixing frequency.Diodes terminated by 50
 at LO (15GHz (Z 01)) frequency and in input (30GHz � IF(Z 0s�2)) and output (IF (Z 0s0)) bands. 33



IF = 10GHzIF = 0Z 03 Lc�2 Lc�2 Lc2 �Lc�2 �Lc2[
] [dB] [dB] [dB] [dB] [dB]0 7.37 7.86 9.25 0.49 1.3950 7.77 8.31 9.10 0.54 0.79j50 8.63 9.30 10.83 0.67 1.53�j50 7.37 7.97 9.49 0.60 1.5250 + j50 8.01 8.59 10.05 0.58 2.0450 � j50 7.65 8.18 9.62 0.53 1.441 7.54 8.12 9.64 0.58 1.52Table 7: In
uence of load impedance of the diodes at 45GHz (Z 03) on the conversion lossesof the mixer.
IF = 10GHzIF = 0Z 0s�4, Z 0s4 Lc�2 Lc�2 Lc2 �Lc�2 �Lc2[
] [dB] [dB] [dB] [dB] [dB]0 7.37 7.86 9.25 0.49 1.3950 8.03 8.71 10.13 0.68 1.42j50 8.36 9.16 10.54 0.80 1.38�j50 8.29 8.75 10.02 0.46 1.2750 � j50 8.17 8.89 10.30 0.72 1.4150 + j50 8.20 8.76 10.18 0.56 1.421 8.44 8.97 10.24 0.53 1.27Table 8: In
uence of load impedance of the diodes at 60GHz � IF (Z 03) on the conversionlosses of the mixer. 34



IF = 10GHzIF = 0� Lc�2 Lc�2 Lc2 �Lc�2 �Lc2[
] [dB] [dB] [dB] [dB] [dB]0 7.37 7.86 9.25 0.49 1.3950 9.38 { 9.70 (-)1.52 1.84500 23.28 { 26.01 (-)15.42 18.15Z 0s�2 = 50
 � j�,Z 0s2 = 50
 + j�Table 9: In
uence of F0-15 low pass �lter reactance in the band 20-40GHz (see Sect. 4.4and Fig. 33(b)) on the conversion losses of the mixer.
IF = 10GHzIF = 0� Lc�2 Lc�2 Lc2 �Lc�2 �Lc2[
] [dB] [dB] [dB] [dB] [dB]0 7.37 7.86 9.25 0.49 1.3950 7.34 { 9.22 0.52 1.3675 8.11 { 9.98 (-)0.25 2.12500 23.28 { 26.01 (-)15.42 18.15Z 00 = 50
 + j�Table 10: In
uence of F20-40 band pass �lter reactance in the band 0-10GHz (see Sect. 4.5and Fig. 37(b)) on the conversion losses of the mixer.35



4 FiltersThe nonlinear-linear analysis presented in Sect. 3 gives conditions for the linear partof the project. In this section we focus on the �lters design. Sect. 4.1 introduces ablock model of the mixer with conditions which the �lters should satisfy. The �lters willbe realized in uni-planar technology, introduced in Sect. 4.2, using distributed elementspresented in Sect. 4.3. Sect. 4.4, 4.5 and 4.6 present modelling, realization and results ofmeasurements of the �lters. The �nal circuit with all the components together is presentedin Sect. 4.7. This part of the project has been performed in Ecole Nationale Sup�erieuredes T�el�ecommunications de Bretagne, in Brest. The MDS-HP software has been used inthe modelling of the �lters.4.1 Block model of the mixerFig. 15 shows the block model of the mixer. The mixer has three ports:LO { local oscillator portsignal with constant frequency 15GHzIN { input portsignal from two input bands:20-30GHz (G�2 ! G0),30-40GHz (G2 ! G0)OUT { output portsignal from the band 0-10GHzTab. 11 shows the pass-bands and stop-bands of the �lters.Filter Pass-band Stop-band(s)F20-40 20{40GHz 0{15GHzF0-10 0{10GHz 15GHz and 20{40GHzF15 15GHz 0{10GHz and 20{40GHzTable 11: Pass-bands and stop-bands of the �ltersAs a compromise between the needs and possibilities of the technology the minimalattenuation in the stop-bands has been set to 20dB, and maximal attenuation in thepass-bands has been set to 0.25dB.In the nonlinear-linear analysis of the mixer (Sect. 3) we saw that in order to achieveoptimal energy conditions, the following additional conditions should be satis�ed:� The re
ection coe�cient of the �lters on the right side of the diodes should approx-imate a shunt in the pass-band of the �lter F20-40 (20{40GHz) (see Fig. 16). Thiscondition would be di�cult to achieve in the circuit from Fig. 15, since it should besatis�ed in the plane of interconnection between two �lters and the diodes. There-fore, to make this con�guration simpler, an additional F0-15 low pass �lter has been36



used between the diodes and the �lters F0-10 and F15 (see Fig. 17). The additional�lter should not perturb the transmission characteristics of these two �lters. It isused to satisfy the condition on the re
ection coe�cient in the stop-band. TheF0-15 �lter should satisfy the following conditions:Pass band. The �lter should pass the signals from the pass-bands of the �ltersF0-10 (0{10GHz) and F15 (15GHz). It was optimized as a low pass �lter withthe pass-band: 0{15GHz.Stop band: 20{40GHz. The re
ection coe�cient of the �lter should approxi-mate a shunt in this band.� The re
ection coe�cient of the �lter F20-40 on the side of the diodes should approx-imate a shunt in the pass-bands of the �lters 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 con�guration(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
) is not the optimal one at LO frequency. Therefore a need of the use of suchan external circuit should be veri�ed by experiment.Tab. 11 shows the pass-bands and stop-bands of the modi�ed circuit �lters.Filter Pass-band Stop-bandF20-40 20{40GHz 0{15GHzF0-15 0{15GHz 20{40GHzF0-10 0{10GHz 15GHzF15 15GHz 0{10GHzTable 12: Pass-bands and stop-bands of the �lters
37
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LOFigure 18: Block model of the mixer in the frequency band 0-15GHz. The �lter F20-40should be a shunt in the plane of the connection with the diodes.
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oεFigure 19: Coplanar line4.2 Uni-planar technologyIn the uni-planar technology a transmission line is realized on a substrate consisting ofone dielectric and one metal plane, as a single slot (slot-line { Sect. 4.2.3) or two coupledslots (coplanar line { Sect. 4.2.2). The properties of such transmission lines depend onthe substrate. Substrates considered in the project are presented in Sect. 4.2.1.4.2.1 SubstratesThe substrates which have been considered in the project are presented in Tab. 13.Material �r h[�m] t[�m] wmin[�m] smin[�m]EPSILAM 10:2 635 20 50 50Alumina 9:9 635 10 30 30DUROID 2:2 254 20 50 50Table 13: Substrates considered in the projectThe parameters which appear in the table are:�r | relative dielectric permitivityh | dielectric plane thicknesst | metal plane thicknesswmin | minimal strip widthsmin | minimal slot width4.2.2 Coplanar lineFig. 19 shows a cross-section of a coplanar line. Since there are three metal planes in thecoplanar line, it may propagate two modes without cuto� frequency, namely the even andthe odd mode. The even mode has much better properties for the �lter design, i.e. thecharacteristic impedance is better de�ned. Therefore we work only with the even modeand conductive bridges between two ground-planes are used to eliminate the odd mode.A bridge is shown in Fig. 19 with the dashed line.40
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sFigure 20: Slot lineSince discontinuities are not considered in this project they should be minimized.It is achieved by the minimization of their transverse dimensions with respect to thewavelength. This condition will be tested at the highest frequency considered in the �lterdesign { 40GHz. The ratio of the transverse line dimensions (w + 2s) to the wavelengthat 40GHz versus the strip and slot widths is shown in the following �gures and tablestogether with the characteristic impedance:Fig. 21 and Tab. 14 for EPSILAMFig. 21 and Tab. 15 for AluminaFig. 22 for DUROIDThe 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 beenchosen for both substrates. In this case w+2s�(40GHz) is 0.079 (EPSILAM) and 0.044 (Alumina).This range has been chosen arbitrarily. The results of the measurements of the �lters willshow validity of such an aproach. In the case of Alumina substrate discontinuities aremuch smaller, since smaller strip and slot widths can be realized. DUROID cannot beused in the coplanar realization of the circuit because in this case the optimal impedanceis about 120
 and the impedance 50
 even cannot be realized.Fig. 23 presents the strip and slot widths of the 50
 coplanar line on the Aluminasubstrate. The slot width versus the strip width is approximately a linear function. Largercoplanar line dimensions will be used near the input and output connectors.4.2.3 Slot lineFig. 20 shows a cross-section of a slot line.Slot-line is not an attractive line for modelling using ideal transmission lines, used inthe project. The line is highly dispersive and the characteristic impedance is not preciselyde�ned. The power-voltage characteristic impedance de�nition and the dispersive modelhave been used in the con�gurations used in the circuit. Fig. 24 shows the slot-lineimpedance on EPSILAM and Alumina substrates for �xed slot width as a function offrequency. Slot lines are used only in the F0-10 low pass �lter. Since the characteristics ofthis �lter have to be considered only in the frequency range 0-15GHz, the characteristics ofthe impedance dispersion are interesting for this range only. The only slot line impedanceused in the project is 50
. It is approximated by 50�m slot line on ESPILAM and 40�mslot line on Alumina. It has been tested by simulation that the characteristics of the �lters41
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w[�m] s[�m] Z0[
] w+2s�(40GHz)300 50 37.9 0.125290 50 38.2 0.122280 50 38.5 0.119270 50 38.9 0.116260 50 39.3 0.113250 50 39.7 0.110240 50 40.1 0.107230 50 40.5 0.104220 50 41.0 0.101210 50 41.5 0.097200 50 42.1 0.094190 50 42.7 0.091180 50 43.3 0.088170 50 44.0 0.085160 50 44.7 0.082150 50 45.5 0.079140 50 46.4 0.076130 50 47.4 0.072120 50 48.5 0.069110 50 49.7 0.066100 50 51.0 0.06390 50 52.6 0.06080 50 54.4 0.05770 50 56.6 0.05460 50 59.1 0.05050 50 62.3 0.047

w[�m] s[�m] Z0[
] w+2s�(40GHz)50 50 62.3 0.04750 55 64.1 0.05050 60 65.7 0.05450 65 67.2 0.05750 70 68.6 0.06050 75 70.0 0.06350 80 71.3 0.06650 85 72.5 0.06950 90 73.7 0.07350 95 74.8 0.07650 100 75.9 0.07950 105 76.9 0.08250 110 77.9 0.08550 115 78.8 0.08850 120 79.8 0.09150 125 80.6 0.09450 130 81.5 0.09850 135 82.3 0.10150 140 83.1 0.10450 145 83.9 0.10750 150 84.7 0.11050 155 85.4 0.11350 160 86.1 0.11650 165 86.8 0.11950 170 87.5 0.12350 175 88.2 0.126Table 14: Coplanar line impedance and ratio of transverse line dimension to the wave-length at 40GHz versus strip and slot widths. Substrate: EPSILAM, �r = 10:2, h =635�m, t = 20�m
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w[�m] s[�m] Z0[
] w+2s�(40GHz)350 30 32.6 0.127340 30 32.8 0.124330 30 33.0 0.121320 30 33.2 0.118310 30 33.5 0.115300 30 33.7 0.112290 30 34.0 0.108280 30 34.3 0.105270 30 34.6 0.102260 30 34.9 0.099250 30 35.2 0.096240 30 35.6 0.093230 30 35.9 0.090220 30 36.3 0.087210 30 36.8 0.084200 30 37.2 0.081190 30 37.7 0.078180 30 38.2 0.075170 30 38.8 0.071160 30 39.4 0.068150 30 40.1 0.065140 30 40.8 0.062130 30 41.6 0.059120 30 42.5 0.056110 30 43.6 0.053100 30 44.7 0.05090 30 46.1 0.04780 30 47.6 0.04470 30 49.4 0.04060 30 51.7 0.03750 30 54.5 0.03440 30 58.1 0.03130 30 63.1 0.028

w[�m] s[�m] Z0[
] w+2s�(40GHz)30 30 63.1 0.02830 35 66.0 0.03130 40 68.6 0.03430 45 70.9 0.03730 50 73.0 0.04030 55 75.0 0.04430 60 76.8 0.04730 65 78.5 0.05030 70 80.1 0.05330 75 81.6 0.05630 80 83.0 0.05930 85 84.3 0.06230 90 85.6 0.06530 95 86.8 0.06830 100 88.0 0.07230 105 89.1 0.07530 110 90.2 0.07830 115 91.2 0.08130 120 92.2 0.08430 125 93.2 0.08730 130 94.1 0.09030 135 95.0 0.09330 140 95.8 0.09630 145 96.7 0.09930 150 97.5 0.10230 155 98.3 0.10630 160 99.0 0.10930 165 99.8 0.11230 170 100.5 0.11530 175 101.2 0.11830 180 101.9 0.12130 185 102.6 0.12430 190 103.2 0.127Table 15: Coplanar line impedance and ratio of transverse line dimension to the wave-length at 40GHz versus strip and slot widths. Substrate: Alumina, �r = 9:9, h = 635�m,t = 10�m (b). 45
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4.3 Distributed elementsThe following distributed elements have been considered in the design of the �lters:� Transmission lines in cascade� Parallel open stub� Parallel shunted stub� Serial open stub� Serial shunted stub4.3.1 Transmission lines in cascadeThe coplanar realization of a transmission line, and its idealized model are shown inFig. 25.
tl--c(a) (b)Figure 25: Coplanar line in cascade (a) and its idealized model (b)The input impedance of the inserted transmission line is given by:Zin = Z0ZL + jZ0 tan �Z0 + jZL tan � (67)whereZ0 - characteristic transmission line impedance,� - transmission line electrical length,ZL - load impedance.Cascade transmission lines are used in every type of �lters as impedance transformers.4.3.2 Parallel open stubThe coplanar realization of a parallel open stub, and its idealized model are shown inFig. 26.The input impedance of an open stub is given by:47



po
--c(a) (b)Figure 26: Open parallel coplanar stub (a) and its idealized model (b)Zo = �jZ0 cot � (68)where Z0 is the characteristic impedance, and � is the electrical length of the stub.Fig. 27 shows two parallel open stubs with the same characteristic impedances.
po

--c

po
--c(a) (b)Figure 27: Open parallel coplanar stubs (a) and their idealized modelStubs connected in parallel are electrically equivalent to one stub with the character-istic admittance being the sum of characteristic admitances of the stubs. Therefore, theinput impedance of such a structure is given by:Z2o = �j 12Z0 cot � = 12Zo (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 characteristicimpedances: 50{75
 (one stub) and 25{37
 (two stubs).From (68) and the properties of the cotangent function:� Zos = 0 for � = (2n + 1) � 90o, with n being an integer.An open circuit is transformed to a shunt. In the case of the parallel stub it impliesthe total re
ection of the signal. 48



� Zos = 1 for � = n � 180o, with n being an integer.The stub has properties of an open circuit. In the case of the parallel stub it impliespassing 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 180o at themiddle frequencies. In the later case, however, there is a parasitic band or bands belowthe band of interest where the stub is also a pass element. Additional stubs of di�erentkind should be used to eliminate these bands.4.3.3 Parallel shunted stubThe coplanar realization of a parallel shunted stub, and its idealized model are shown inFig. 28.
ps

--c(a) (b)Figure 28: Shunted parallel coplanar stub (a) and its idealized model (b)The input impedance of a shunted stub is given by:Zs = jZ0 tan � (70)where Z0 is the characteristic impedance, and � 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:Z2s = j 12Z0 tan � = 12Zs (71)There are two ranges of the coplanar stubs characteristic impedances: 50{75
 (one stub)and 25{37
 (two stubs).From (70) and the properties of the tangent function:� Zos = 1 for � = (2n + 1) � 90o, with n being an integer.A shunt is transformed to an open circuit. In the case of the parallel stub it impliespassing of the total signal. 49



ps
--c

ps
--c(a) (b)Figure 29: Shunted parallel coplanar stubs (a) and their idealized model (b)� Zos = 0 for � = n � 180o, with n beeing an integer.The stub has properties of a shunt. In the case of the parallel stub it implies thetotal re
ection of the signal.Parallel shunted stubs may be used as band-pass elements, in the bands where at thecenter frequencies the stub has the electrical length (2n+1) �90o , with n being an integer.If n > 1 there is a parasitic band or bands below the band of interest where the stub isalso a pass element. Additional stubs should be used to eliminate these bands.4.3.4 Serial shunted stubThe serial stubs are realized in the uniplanar technology as slot-lines (Sect. 4.2.3). Asymmetric con�guration of two slots is used as shown in Fig. 30.

ss-
-s

ss-
-s(a) (b)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 incomparison to the bent geometry since the two slots, with electrical �elds oriented inphase, work as a slot antenna (see [5]). In the bent geometry the electrical �elds areout-of-phase, which reduces radiation loss. 50



The input impedance of two slots is given by (71). Like parallel open stubs, serialshunted stubs may be used as low-pass elements, as well as band-pass elements, in thebands where at the middle frequencies the stub has the electrical length being a multipleof 180o. In the later case, however, there is a parasitic band or bands below the band ofinterest, where the stub is also a pass element. Additional stubs of di�erent kind shouldbe used to eliminate these bands4.3.5 Serial open stubA serial open stub has not been used in the circuit because of the problems with realizationof a wide-band open circuit in a slot line.4.3.6 Conditions for modellingUsing the elements presented in Sect. 4.3, there is a lot of possible topologies of the �lterssatisfying the conditions for modelling. After choosing one of them, the impedances of thetransmission lines (the cascade lines and the stubs) become the subject of optimization.Choosing di�erent topologies we can achieve di�erent sets of impedances.In the simulations, very simple models have been used, based on ideal transmissionlines without considering the in
uence of discontinuities and dispersion. For this reasonit was very important to minimize the discontinuities in the circuit. Therefore, the valuesof the impedances are not only limited by the capability of the technology. The strongercondition is minimization of discontinuities. To satisfy this condition all the impedancesused should be close to the values optimal for a given substrate. Some examples ofdiscontinuities which appear in the project are shown in Fig. 31.The minimization of the in
uence of these discontinuities on the circuit characteristicsis achieved by minimization of their dimensions, i.e. the minimization of the transmissionlines slot and strip widths. In other words, an optimal impedance range has been chosenfor every substrate in the planar realization of the circuit, where the transverse dimensionsof the lines are minimal (see Sect. 4.2.1).As the results of the measurements show, this simple modelling provides good resultswithin desired frequency range, provided that the discontinuity minimization condition issatis�ed.
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Figure 31: Examples of discontinuities in the uni-planar technology
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c-4Figure 32: Idealized model of F0-15 low pass �lter4.4 F0-15 low pass �lter4.4.1 ModellingThe conditions which the low pass F0-15 �lter should satisfy are:� Pass band: 0-15GHz� Maximal attenuation in the pass band: 0.25dB� Stop band: 20-40GHz� Minimal attenuation in the stop band: 20dB� The re
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 and since the range of the available impedancesis 50
{75
 they are split into two stubs with the impedance two times larger (seeSect. 4.3.2), which is 54
.4.4.2 Realization and measurementsA test circuit of the F0-15 low pass �lter has been realized on Alumina substrate, �r = 9:9,h = 635�m, t = 10�m (see Fig. 35). Fig. 34 shows the results of the measurements of thiscircuit. Very good agreement with the simulation results may be observed. The highestattenuation in the pass-band is about 2dB at 15GHz.53
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EPSILAM AluminaElement Z0 s w s w[
] [�m] [�m] [�m] [�m]po-45-c-1 50 50 110 30 70po-45-c-4tl-45-c-1 75 95 50 55 30tl-45-c-3po-45-c-2 27 { { { {po-45-c-3po-45-c-2a 54 50 80 30 50po-45-c-2bpo-45-c-3apo-45-c-3btl-45-c-2 75 95 50 55 3050
 line 50 50 110 30 70(probe) { { 40 80Electrical length Physical length [�m]at 15GHz [o] EPSILAM Alumina45 1050 1070Table 16: Impedances of the elements of F0-15 low pass �lter { results of the optimization
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 and since the range of the available impedancesis 50
{75
 they are split into two stubs with the impedance two times larger (seeSect. 4.3.3), which is 66
.4.5.2 Realization and measurementsA test circuit of F20-40 band pass �lter has been realized on Alumina substrate (seeFig. 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 isabout 2{4dB. 57
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EPSILAM AluminaElement Z0 s w s w[
] [�m] [�m] [�m] [�m]ps-45-c-1 33 { { { {ps-45-c-5ps-45-c-1a 66 60 50 35 30ps-45-c-1bps-45-c-5aps-45-c-5btl-45-c-1 52 50 90 30 60tl-45-c-4ps-45-c-2 52 50 95 30 60ps-45-c-4tl-45-c-2 70 75 50 45 30tl-45-c-3ps-45-c-3 58 50 60 30 4050
 line 50 50 110 30 70(probe) { { 40 80Electrical length Physical length [�m]at 15GHz [o] EPSILAM Alumina45 1050 1070Table 17: Impedances of the elements of F20-15 band pass �lter { results of the optimiza-tion
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4.6 F0-10 low pass �lter and F15 band pass �lterAs we saw in the last chapters, we may choose the impedances of all the transmissionlines from the range optimal for a given substrate, minimizing the discontinuities, so theirin
uence on the characteristics of the �lters is not important in the interesting band 0{40GHz. Since the work-band of the �lters F0-10 and F0-15 is just 0{15GHz and we aregoing to use the same range of impedances of the transmission lines as in the case of the�lters F0-15 and F20-40, we should achieve good results by using the same simple methodof the circuit design.4.6.1 Interconnection between F0-10 and F15 �ltersThe biggest problem with the �lters 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 �lters should look like, additional conditions appear for thecon�guration and the re
ection coe�cients in the stop-bands of the �lters in the planeof interconnection. If we are able to satisfy such conditions, the optimizations of theimpedances of the transmission lines may be done independently for two �lters.The topology of F0-10 low pass �lter is shown in Fig. 40. The port 3 of the �lteris connected to the F15 band pass �lter. The element tl-90-s should work as a serialshunted stub in the pass band of the F0-10 �lter (0-10GHz). Therefore F15 �lter shouldapproximate a shunt in this band. This is a condition for optimization of this �lter.The transition of the signal from the port 3 to 2 of the F0-10 �lter should be assuredin the pass-band of F15 band pass �lter. Since this band is very narrow, near 15GHz, itis easy to satisfy this condition by choosing an appropriate topology of F0-10 �lter. Thefollowing conditions should be satis�ed:� tl-90-s's impedance should be 50
� ss-90-s-3 serial shunted stub should be an open circuit near 15GHz. Therefore itselectrical length is set to 90o at this frequency (see Sect. 4.3.4).� po-90-c parallel open stub should be a shunt near 15GHz. Therefore its electricallength is set to 90o at this frequency (see Sect. 4.3.2).The model of F0-10 and F15 �lters connected together is shown in Fig. 42 The elementtl-90-s is a slot line in the planar realization of the circuit. Since the ports of the F15�lter are coplanar a transition from the slot to coplanar standard is needed. Fig. 43shows such transition and its idealized model. The modi�ed circuit of the F0-10 and F15�lters is shown in Fig. 44. The additional element ps-90-s represents the slot-to-coplanartransition. It was tested that this change of the topology has no signi�cant in
uence onthe characteristics of the circuit in the desired band. The transmission characteristicsof a modi�ed idealized model of F15 and F0-10 �lters, connected together, are shown inFig. 47. 61



4.6.2 F0-10 low pass �lterThe conditions that the low pass F0-10 �lter should satisfy are:� Pass band: 0-10GHz� Maximal attenuation in the pass band: 0.25dB� Stop band: 15GHzSince the stop band is just a single frequency it is easy to satisfy this condition bychoosing appropriate topology of the �lter. A parallel open stub and serial shuntedstubs, all of the length 900 at the frequency 15GHz have been used, so they satisfythis condition and it does not have to be considered during the optimization.� Conditions on the topology of the �lter which were presented in the Sect. 4.6.1The topology of the �lter is shown in Fig. 40. The serial shunted stubs are realized asslot lines. The 50
 impedance has been �xed for all of these lines and it is not a subjectof the optimization. The only optimized impedance is that of the parallel open stub.The results of the optimization show that to satisfy the �rst condition this impedanceshould be the highest possible. Since we have chosen an optimal impedance range for oursubstrates: 50
{75
, the realized impedance of the stub is 75
.Fig. 45 shows the characteristics of the �lter after optimization. Tab. 18 shows theoptimal impedances of the elements of F0-10 and F15 �lters.4.6.3 F15 band pass �lterThe conditions that the band pass F15 �lter should satisfy are:� Pass band: around 15GHz. The width of the band is not important, since this �ltershould pass only the local oscillator signal, which has a constant frequency 15GHz.� Stop band: 0-10GHz� Minimal attenuation in the stop band: 20dB� The re
ection coe�cient in the stop band should approximate a shuntAll of these points are the conditions for the optimization of the �lter. Varioustopologies have been considered during the optimization, giving di�erent sets of optimalimpedances of the lines and di�erent degree of approximation. One of the best topologiesfound is shown in Fig. 41. Fig. 46 shows the characteristics of the �lter after optimization.Tab. 18 shows the optimal impedances of the elements of F0-10 and F15 �lters.62
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EPSILAM AluminaElement Line �15 Z0 s w s w[o] [
] [�m] [�m] [�m] [�m]F0-10 po-90-c copl. 90 75 95 50 45 30ss-90-s-1 slot 90 50 50 { 40 {ss-90-s-2ss-90-s-3tl-45-s slot 45 50 50 { 40 {ps-90-s slot 90 50 50 { 40 {tl-45-c-0 copl. 45 50 50 110 30 70F15 ps-45-c-1 copl. 45 25 { { { {ps-45-c-2ps-45-c-1a 50 50 110 30 70ps-45-c-1bps-45-c-2aps-45-c-2btl-45-c-1 copl. 45 50 50 110 30 70tl-45-c-2po-45-c copl. 45 60 50 60 30 4050
 line copl. 50 50 110 30 70Line Electrical length Physical length [�m]at 15GHz [o] EPSILAM Aluminacopl. 45 1050 107090 2100 2140slot 45 1125 113590 2250 2275Table 18: Impedances of the elements of the F0-10 low pass �lter and the F15 band pass�lter connected together { results of the optimization
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4.7 Final circuitFig. 50, 51, 52 and 53 show all the �lters designed in Sect. 4 connected together in the�nal circuit (compare with Fig. 35, 39 and 48). The circuit has been realized on Aluminasubstrate, �r = 9:9, h = 635�m, t = 10�m. There is a place for diode connections betweenthe F0-15 and F20-40 �lters (see Fig. 12). However, because of technical problems thediodes have not been actually mounted in the circuit.
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5 ConclusionsDesign of a subharmonically pumped K band mixer with an anti-parallel pair of diodes hasbeen presented. The nonlinear-linear analysis of the circuit gave conditions for the �lterdesign. The �lters have been designed in a uni-planar technology on the following sub-strates: Alumina, �r = 9:9, h = 635�m, t = 10�m, and EPSILAM �r = 10:2, h = 635�m,t = 20�m. Distributed elements have been used and modelled with ideal transmissionlines, without considering the in
uence of discontinuities and dispersion. This is justi�edby the choice of the optimal transmission line impedance ranges for which the transversedimensions of the lines were minimal for both substrates. Measurements have been lim-ited to the absolute values of S11 and S21 coe�cients only. The results have shown verygood agreement between simulation and measurements of the �lters in the frequency band0-40GHz.AcknowledgmentsI would like to express my thanks to Dr Jerzy Chramiec for supervising this projectand Jean Philippe Coupez who supervized it at the Ecole Nationale Sup�erieure desT�el�ecommunications de Bretagne, in Brest. I would also like to thank everybody elsefrom the Technical University of Gda�nsk and the ENSTB who helped me in the realiza-tion of this project. I am indept to Dr Micha l Mrozowski for his remarks and proofreadingof this thesis.
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