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AHAJIU3 OUOAHDbIX CMECUTEJIEM METOZ,0OM Y3J10BbIX
NOTEHUMUANOB B ObOBLLEHHOM MATPUYHOM BUAE
B YACTOTHOW OBJIACTU. YACTb 3: HEJIMHEUHbIE UCKAXXEHUSA

O.A. TonoBaHb &

CaHkT-MNeTepbyprcknii NoAnUTEXHUYECKUA yHUBEepcuTeT MNeTpa Benunkoro,
CaHkT-NeTepbypr, Poccuitickaa Pepepauma

= golovan.olga.andreevna@gmail.com

Annoramua. IlpencraBiaeH MeTom aHajlM3a HEJMHEHHBIX MCKaXXEHUH B cXeMaX IMOMHBIX
npeobpas3oBaTesieit yacToThl. JIIs1 aHanM3a HEJMHEHHBIX MCKaXKeHUH MCMOoJIb30BaHa METOMM-
Ka psnoB Bosbreppa. AHanu3 MpOBOAMICS IJis TPEX TUIOB AUOAHBIX MpeoOpa3oBartesieil ya-
CTOTHl — 0ajlaHCHOTro, ABOMHOro OajaHCHOTO M TpoitHOro OamaHcHoro. IlpencTtaBieH pacyér
Koa(hGULIMEeHTa HETMHEWHBIX NCKaXXeHU 110 3-1f rapMoHUKe. JIJIsT AByX peXKMMOB paOOTHI Te-
TepoaNHA — «<HEMHTCHCUBHOIO» M «<MHTEHCUBHOTO» — TOJIYYCHBI 3aBUCUMOCTH K03 dpuieHTa
HETMHEMHBIX MCKaXEHUI IO 3-ii TapMOHUKE OT COINPOTUBICHMS HArpy3Ku M OT aMILIUATYIbI
HanpsikeHus rerepoarHa. Omunbka MexXay pe3yabraTaMu pacyéTa U MOAEJIMPOBAaHUS HE Tpe-
BoiaeT 3 n1b. [lokazaHo, 4TO 3aBUCUMOCTU KOI(MDOULIMEHTOB HEJITMHEMHBIX UCKAXKEHUH Mo 3-i1
TapMOHUKE OT COIPOTUBIICHMSI HaTPY3KU M OT aMIIATYIBI HAMPSIKEHUS TeTepoarHa o0Jrama-
FOT HECKOJIbKUMU MaKCUMyMaMW M MUHUMYMaMU, 9TO TTO3BOJISCT 3a CUET Bapyallui 3HAUCHUI
COTIPOTUBIIEHUSI HATPY3KW M aMIUIUTYIbl HANPSDKEHUS TeTepOAMHA pacCUYMTAaTh MUHUMAJIbHO
BO3MOXKHOE 3HaYeHUs KO3 PUIlMeHTa HeIMHEHHBIX NCKaXKeHU 10 3-1f rapMOHUKE.

KiroueBsie cjioBa: 11oaHbIe MpeoOpa3oBaTed YaCTOThI, METOJ Y3JIOBBIX MOTEHIIMAIOB, KO3(]-
GUIIMEHT HEeIWHEWHBIX MCKaXEeHUN 1Mo 3-1 TapMOHMKE, METON psimoB Bonbreppa, OamaHCcHBIC
CMECHTENIN, ABOMHBIC OaTaHCHBIC CMECUTENIN, TPOMHBIE OaTlaHCHBIE CMECUTEIIN

®uuaHcupoBanue: VccienoBaHue BBITIONHEHO 3a CUET CpeACTB MUHHUCTEpCTBAa HAyKW M BBICIIETO
obpazoBanus Poccun B paMkax (pemepanbHOro mpoekra «[loarotoBka KaapoB U HAyIHOI 0a3bl 1T
3JICKTPOHHOM ITPOMBIIIICHHOCT» W TOCYIapCTBEHHOTO 3aJaHUs Ha HAyYHO-MCCICIOBATEIBCKYIO
pabory «Pa3paboTka MeTOaAUKM MPOTOTUITMPOBAHMS 3JIEKTPOHHON KOMIIOHEHTHOM 0a3bl Ha OTeye-
CTBEHHBIX MUKPO3JIEKTPOHHBIX ITPOU3BOICTBaX» Ha ocHOBe cepBrca MPW» (FSMR-2023-0008).

Jlna nutupoBanus: Golovan O.A. Analysis of diode mixers using nodal voltage method in
generalized matrix form in frequency domain. Part 3: nonlinear distortions // Computing, Telef
communications and Control. 2024. T. 17, Ne 1. C. 33—43. DOI: 10.18721/JCSTCS.17103

Introduction

The paper is a sequel of [1, 2], devoted to the analysis of diode mixers using nodal equation method in
frequency domain. As it was shown in the introduction of [1], the Volterra series method is widely used for
nonlinear distortion analysis of parametric circuits. For example, in [3—6] nonlinear analysis of CMOS
Gilbert cell mixer is presented, in particular, intermodulation distortions of the second and third orders
are analyzed. In [7], the Volterra series method is applied to analyze the third-order nonlinear distortion
of an anti-parallel diode pair mixers. Application of such a circuit allows the minimization of third-order
intermodulation distortion. The dependence of the zero level of intermodulation distortion on the values
of the source and load resistances is obtained. The choice of these resistances makes it possible to control
the value of the intermodulation distortion minimum depending on the value of the bias voltage.

There are two sections in the present work. The first section presents a nonlinear analysis of diode mixers
based on the Volterra series method. The decomposition of the diode current third harmonic in the frequency
domain is obtained, the parametric model of the diode taking into account nonlinear effects is presented,
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and theoretical expressions for the 3™ order nonlinear distortion coefficients are found. The second section
presents the calculation and simulation results for the 3™ order nonlinear distortion coefficients. Calculation
and simulation were carried out for two LO operation modes: harmonic and pulse.

Nonlinear analysis of diode mixers using the Volterra series method

Representation of the diode current third harmonic

Assuming a large amplitude approximation of the LO. In this case the following relations are valid
U rom > UOm, U rom > U . The current through the nonlinear element of the mixer, i.e. the diode, is
represented by a Taylor series, taking into account the terms up to third order
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where U0 — is the input signal at the carrier frequency, U, | o — is the reference signal at the LO frequency, UIF

1 117
is the output signal at the intermediate frequency, G(U LO) = —S( eglrol® ), G’ (U 0 ) = ——Sz(eU”’/ i ),
2
1 ] U (pt (pt
G"(U LO) = g—i(e 10/ ) are series coefficients, which are determined according to the Ebers-Moll
P,

model, o, is the thermopotential, /. s is the saturation current. Consider the harmonic LO operation
mode, in which all signals (including the LO signal) are harmonic, and the initial phase, as in the case
of linear analysis [1, 2], is assumed to be zero

U,=U,,cosot, U,,6 =U,,, coso,t, U,=U,; cosm,t.
Let's represent the current expression (1) as
’ 2 n 3
I=G(U ) Uy +U, )+ G (U ) (Uy+U ) +G"(Uy ) (Uy+U )

Assuming a balanced mixer structure, we neglect the second order effects, i.e. we consider only the
third current harmonic

L,=G"(Uy,)(Uy+U,) =G"(U,,)(Us +3U3U . +3U,U;. + Uy ). 2)

As the function G(U w) corresponds to the linear case [1, 2], the function G"(U LO) is decom-
posed into a Fourier series of cosine harmonics with LO frequency ©, ,
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G"(Uy)=Gy+Y Grcosnw,,t = Gy + Y Gl cos nw,,t,
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where the coefficients G| are related to the Fourier series coefficients g/ as G) = g;, G =2g,

n

(n =1,2,... N ) For the harmonic LO operation mode, the expression for g,',' are calculated as follows

. 11

g, = _I G (ULO)COS ne, tdt = __iBn (ULOm /(Pz ) >

T 6 o,

where T = 2Tc/coL0 is period of the LO frequency, B, (me /(pt) is Bessel function of order n.
In pulse mode operation the Fourier series coefficients are calculated as

1 T/2 7 Usom Ui
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Since second-order nonlinear effects for balance circuits are negligible, we take into account only the
first LO harmonic in the series expansion of the parameter G”" (U LO)

G"(U,p) =Gy +G/coso,,t.
Then, according to formula (2), the third diode current harmonic is represented by
L,(t)=(Gy+Glcosw,t ) (Uy +3UsU, +3U,Up + U, ) =

=(Gy +GJcos mLOt)((UOm cos ) + 3(U,,, cos coot)2 U,

m

COS M1 +

+3U,,, cos ot (U,

m

cos )" +(U,,, cos o),Ft)3).

After replacing the variable ®, = ®, £ ®,, and making some algebraic transformations, the expres-
sion for /, (t) is reduced to the form
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The sum of terms in the expression for /, (l‘) corresponds to the combinational harmonics generated
by mixer. To analyze the 3™ order nonlinear distortion we consider only the terms c0s (3(00 s 3(0L0)t,
cos(®, £, )1, cos3myt, coswt
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Let us rewrite this expression by replacing the cosine of the triple angle by the cube of the cosine
3
L(t)= (G(’)’Ume + GuU,, U j cos’ (w, T ®,, )t + (G(;'Ugm +3GU; U, )cos3 o, +
3 G, U2 +2GU 0 Gz U, +2GU x
+ 5 T on™ i +Z 1Y I | COS O, + 4 70 om i +§ 1Y om COS((OO —mLo)t~

The amplitude values of the input U, and output U 1 Signals are related by the mixer conversion
gain Kas U,,, = KU, . Then, the expression for the current third harmonic is as follows

L)

(G(; o+ % GuU, U j cos’ (w, t®,, )+ (G(;'Ugm +3GU; U, )cos3 o, +

+ 6 GU,, (KU,, ) + % G/(KU,,) Uy j cOs 0t +

+%(G(;’U02mUIFm +§G{U§m j cos(m, o, ).

The transformation from time domain to frequency domain is performed using the three-dimen-

sional Laplace transform on the argument j(DO. In this case, the diode current third harmonic in the
frequency domain is represented as

14 . 3 14
I (p,p,p) =Gy (UIF (po iJ(DLO))3 +EG0 (KUOm )2 U, (po)+
3 1 . . " "
+5G1U0 (po TJo, )(UIF (po * J(‘)Lo))2 +G, (Uo (po))3 +3G, (Uo (po ))2 U (po)+

3 " 9 " . 3 " .
+ZG1 (KUOm )2 U (po ) + ZGOUgmUIF (po Tjo, ) + §G1U§mUo (po Tjo, )
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Nonlinear distortion analysis in the balanced diode mixer

The schematic and equivalent circuits of the balance mixer are presented in [1, Fig. 3]. To analyze
the 3™ order nonlinear distortion, an equivalent circuit (Fig. 1) is designed, the feature of which, com-
pared to the linear analysis, is the replacement of voltage arguments in the expressions for the current
generators

G,U

0,5G,U,, (po T JO0, Po L O, Py ijmw) IFi (poapoapo)-

For each diode, two additional current generators C,- and D,- (index i = 1, 2 corresponds to the diode
number) are introduced. These generators describe the effect of the current 3* harmonic 7, ( D, D, p) =
=C, + D.. The expressions for generators Ci include terms corresponding to the effect of the signal at the
carrier frequency, and the expressions for generators D, include terms corresponding to the effect of the
signal at the intermediate frequency

3 " 3 ” . n
G = EGOi (KUOim )2 Uy, (po)+ 3 G, U()zszOi (po T ](OLO)+ G (UOi (po))3 +

3 " .
+— 5 GyU,; ( ](DLO)(UIFi (po Tjo, ))2 )

9 " .
+4G U, UIFi(pOiJO)LO)+

0im

D, =Gy, (UIFi (po gy [T ))

14 3 14
+3G; (UOi (po))2 Ui (po) 4 -Gy, (KUOIm) U (po)-

The equations C; and D, include the voltages U, (po), U, (po ijww), U (po ijcow), and
U ( po), whose expressions are determined during the linear analysis (see [1], Section 2). The circuit
in Fig. 1 is described by two coupled systems of nodal equations. The system of nodal equations on the
arguments ( Po> Po» Po) in matrix form is

Ul(po’po’po) 0
U, (Pos P> Po) 0

[Y(po+p0+po)] 53(P poapo) _ 0=5G11U01(p0i]:0%0vp0i]:wLOspoi]:(’)Lo)"'Cl Q)
4(p poapo) O’SGleoz(po+]®L0’poi]C‘)Lo’poi](’)Lo)"’Cz
Us(p po,po) _O’SGIIUOI( N L0V jwwapoijww)_cl
U6(poapoapo) __095G12U02( P QTP =y [y /e = ijo)_Cz_

The system of nodal equations on the arguments ( O, 0, Po X JjO,0, Pyt jc\)w) in matrix

form is

[Y(po tj0,0+ Dy T JOL, + Py ij(OLO)]X

Ul(poi_j(’oLOi'pOij®L0>p0+j(’0L0) 0
Uz(poijwwapo .](DL03p0—.](’0LO) 0
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U (po T J®0s Py T 005 Py T O, 0) _G11U1F1(poapoapo)_D1
Us(poifwwapo—]wwapo ](’OLO) __G12U1Fz(poapoapo)_D2_
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Fig. 1. Equivalent circuit of a balanced diode mixer for analyzing the coefficient
of nonlinear distortion in the 3 harmonic

If there are no reactance circuit elements the Y-matrix is equal to

[Y(poij(DLo+po T 0,0+ D, iijo)]z[Y(po +p0+p0)]=[Y],

where
G +2G, 0 0 0 -2G, 0 |
0 G+2G, 0 0 0 -2G,
7] 0 0 G,+G, -G, -G, 0
0 0 -G, G,+G, 0 -G,, |
-2G, 0 -G, 0 G, +2G, 0
0 -2G, 0 -G, 0 G,, +2Gy |

where for reducing the recording, we introduced the notations G, +0,5G,, = G, i =1, 2. Conduct-
ance G is introduced into the circuit to convert the input voltage source to a current source. The voltages
U, (po T 0,0, P X JO0, P £ ijO) and U, (po,po,po) are expressed through the nodal poten-
tial as

Uni (o £ 70101 Py + 0101 Py ¥ J0,0) = Us (Do £ j010, Py £ 010, Py £ j010) =
U, (py £ j®,0, Py T jO,0, Py £ jO,, )
Uny (Po £ j®105 Py £ j0,05 Dy £ j0,0) = Ug Py £ j®105 Py T j®10, Py £ j,) -
—U, (P £ 0,0, Py £ jO,0, Py £ jO,,),
U1 (Po> o> Po) = Us (Pos Po> o) = Us (Po» Pos 20 )
Ups (Po> Pos Po) = Us (Po> Pos Po) = Uy (Pys o> Py )-
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Using the approach to the solution of systems (3) and (4) presented in [1], we obtain expressions for
the vectors of nodal potentials. The coefficient of the 3™ order nonlinear distortion is equal to

K. = lim Uom(poij(‘)wapoijww:poijww)
PG Ui (po iijO)Uout (po iijO)Uout (po ijww)

where the voltage U, ( Pt jo,, ) is obtained during the linear analysis. For the same diode parameters
C,=C,=Cand D, =D, = D the coefficient of the 3" order nonlinear distortion is equal to

K= {[CG1 (G +G,)-D(2G,G, +(G, +0.5G,) G, + G, (G, +0,5G, ) ) | x

, ®)
[(2(((;0 +0,5G,)(G, +G,)+2GG, )2 -G} (G, +G, )2) }}/{8E§G§G13G§},

where £ is the input generator ([1], Fig. 3).

Nonlinear distortion analysis in the double balanced mixer

The schematic and equivalent circuits of the double balanced diode mixer are introduced in [1, Fig. 5].
The double balanced mixer circuit is represented as a parallel connection of two balanced mixers. Con-
sequently, the 3 order nonlinear distortion coefficient of the double balanced circuit is defined as the
sum of the 3™ order nonlinear distortion coefficients of each diode pair. The first diode pair is a balanced
diode mixer, the expression for the 3™ order nonlinear distortion coefficient of which K31 corresponds to
formula (5). The 3™ order nonlinear distortion coefficient for the second diode pair K32 also corresponds
to formula (5). Thus, the 3™ order nonlinear distortion coefficient of the double balanced mixer finally is
given as

K, =K, +K,, = {[CG, (Gs+G,)—-D(2G,G, +(G, +0,5G,) G, + Gy (G, +0,5G,)) |x
{(2(((?0 +0,5G,)(G, +G,)+2G,G, ) ~G?(Gy+G, )’ )2}}/{4ESGEGSG§}.

Nonlinear distortion analysis in the triple balanced mixer

The schematic and equivalent circuits of the triple balanced diode mixer are introduced in [1, Fig. 7].
The triple balanced mixer circuit is represented as a parallel connection of two double balanced mixers
or as a parallel connection of four balanced mixers. Consequently, the 3™ order nonlinear distortion co-
efficient of a triple balanced circuit is defined as the sum of the 3™ order nonlinear distortion coefficients
of the four balanced mixers or two double balanced mixers. The 3 order nonlinear distortion coefficient
of a triple balanced mixer is

K, =K, +K;, +K;; + K, =
= {[CG1 (GS + GL)—D(ZGSGL +(G0 +0,5G2)GL + G, (Go +0,5G2))]><

[(2(((}0 £0,5G,)(G; +G,)+2G,G,) =G (Gy +G, ) )2}}/{2E3GL3G13G§}.

Calculation and simulation

In the calculation and simulation of all mixer circuits have been used frequency ranges, the values of
the diode model parameters and circuit elements are the same as in [1, 2]: the diode saturation current
I, = 1.14 pA, the input signal voltage amplitude U, = 0.05V, the LO voltage amplitude U,, = 1.0V,
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Fig. 2. Dependence of the coefficients of nonlinear distortion in the 3-rd harmonic on the load resistance (a),
on the amplitude of the voltage of the heterodyne (b). Solid line — calculation, dotted line — modeling.
“Non—intensive” mode of operation of the heterodyne: balanced circuit — 1, double balanced — 3,
triple balanced — 5; “intensive” mode of operation of the heterodyne: balanced circuit — 2,
double balanced — 4, triple balanced — 6

Table 1
Results of calculation and modeling of the nonlinear distortion coefficient

The mode of operation Coefficient of nonlinear distortion of the 3’ harmonic, dB
Type of scheme f the heterod
ol the heterodyne Calculation Modeling
B “Non—intensive” -27.7 —26.2
“Intensive” —-24.0 —-25.0
“Non—intensive” —21.7 —20.0
DB
“Intensive” —-20.0 —-20.4
“Non—intensive” —15.7 —14.5
TB -
“Intensive” —15.4 —14.1

the source resistance RS = 50 Q, the load resistance RL = 50 Q; the input signal frequency is 4 MHz,
the LO frequency is 5 MHz. The results of calculation and simulation for two LO operation modes
(harmonic and pulse) are given in Table 1.

Fig. 2 a shows the dependences of the 3™ order nonlinear distortion coefficients on the load resist-
ance at U Lom = 1V for two LO operation modes, and Fig. 2 b shows the dependences of the 31 order
nonlinear distortion coefficients on the LO voltage amplitude at R ;=50 Q for two LO operation modes.
The results of simulation confirm the calculation accuracy, the error does not exceed 3 dB.

Conclusion

The analysis method of nonlinear distortion in diode mixers using Volterra series is presented. The
values of the 3" order nonlinear distortion coefficients for the LO harmonic operation mode were cal-
culated (and simulated): —27.7 dB (—26.2 dB) for balanced circuit, —21.7 dB (—20.0 dB) for double bal-
anced circuit, —15.7 dB (—14.5 dB) for triple balanced circuit. In addition, the values of the 3™ order
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nonlinear distortion coefficients for the LO pulse operation mode were calculated (and simulated):
—24.0 dB (—25.0 dB) for balanced circuit, —20.0 dB (—20.4 dB) for double balanced circuit, —15.4
dB (—14.1 dB) for triple balanced circuit. The dependences of the 3™ order nonlinear distortion co-
efficient on the load resistance and on the LO voltage amplitude are obtained. The error between the
calculation and simulation results does not exceed 3 dB. It is shown that the dependences of the 3
order nonlinear distortion coefficient on the load resistance and on the LO voltage amplitude have
several maximums and minimums. Thus, by varying the values of R ; and U Lom it becomes possible to
calculate the minimum achievable value of the 3™ order nonlinear distortion coefficient. For example,
in the harmonic LO operation mode at LO voltage amplitude of 1 V at a load resistance of 1000 Q2
the minimum of the 3" order nonlinear distortion coefficient is —40.0 dB; at load resistance of 50 Q
the minimum of the 3rd order nonlinear distortion coefficient is achieved at LO voltage amplitude of
0.8 V and corresponds to —34.0 dB. The nonlinear analysis of diode mixers showed that the balanced
mixer has the lowest 3™ order nonlinear distortion coefficient, and the triple balanced mixer has the
highest one, the LO harmonic operation mode provides lower values of nonlinear distortion coef-
ficients than the pulse operation mode. The nonlinear distortion analysis method presented in this
paper allows estimation of the nonlinear distortion level caused not only by the third harmonic, but
also by harmonics of higher orders.

>
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