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Abstract. Mixer is a fundamental block of the transmitter path exerting great influence on the
transmitter linearity level. This article is concerned with a method to enhance the linearity of the
Gilbert cell mixer using several parallel-connected differential pairs in an attempt to reduce a
variation in incremental transconductance with respect to an input signal amplitude. As part of
the study, a Gilbert cell with two parallel-connected differential pairs and a Gilbert cell with three
parallel-connected differential pairs were designed and simulated. Both concepts demonstrate an
increase in O/P3 value in comparison with a classical Gilbert cell. We used a Si-Ge component
library with a design rule of 130 nm. The simulations were conducted in the CAD Advanced
Design System.
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Annoramusa. CMecuTeNnb SBISETCS OCHOBHBIM OJIOKOM TpaKTa IepeaaTiMka M BO MHOTOM
omnpeneseT JUHeHHOCTh MepeaaTyrika B 1ejJoM. PaccMoTpeHa MeToauKa MOBbILIEHUS JTUHEH-
HOCTM cMecuTelsl [Mapbepra 3a cueT MCMoJb30BaHUsI HECKOJBKHUX TMapaljieIbHO BKIIOYEHHBIX
nuddepeHIMaTbHBIX TIap JUIST YMEHbBIICHUS 3aBUCUMOCTH IePeJaTOYHO MPOBOJNMOCTH OT aM-
IUIMTYABI BXOTHOTO CUTHaMa. B Xoe nccinenoBaHus pa3padoTaHbl ¥ TPOMOICIMPOBAHEI CMECH-
Tenp [MmpbepTa ¢ ABYMST MapajieibHO BKIIOUEHHBIMU OudbdepeHIINaIbHBIMI TTapaMid U CMe-
cutenb [UnpbepTa ¢ TpeMs Mapajjie/ibHO BKIIOYEeHHBIMU nuddepeHInaabHbIMU TapaMu. O6a
CXEeMOTEXHUUYECKUX PEelIeHUs] TPOAEMOHCTPUPOBAIM yBeaudeHue napamerpa OIP3 1o cpaBHe-
HUIO CO CTaHAapTHOM cxemoii [unboepra. [1pu pa3zpaboTke MCIoOIb30BaIach OUOJIMOTEKA KOM-
TMOHEHTOB, BBIMOJHEHHAs Mo Si-Ge TeXHOJI0TUU ¢ MPOoeKTHOU HopMmolt 130 HM; aHamU3 paboThI
npoBoauicst B CAITP Advanced Design System. [TosryueHHBIE pe3yabTaThl MOTYT TPUMEHSITHCS
IIpu pa3padboTKe CMECUTENIS B COCTaBe IMPUEMO-TIepenaioleil CUCTEMBI, KOTAa HEOOXOIMMO BbI-
MOJTHEHUE BHICOKMX TPeOOBAaHUI MO YPOBHIO HEJIMHEMHBIX MCKAXKEHUI.

KmoueBble cioBa: cmecuresb, syeiika [unsoepra, BUKMOITI, HenuHeliHble UCKaXKEHUsT, MYJIBTH -
TaHTeHCATbHBIN npuHIun, O/P3
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Introduction

Frequency mixer is one of the key blocks in radio frequency paths of receivers and transmitters, with
its functional parameters determining the performance of the radio frequency path as a whole. A good
example of this is wireless communication systems for the civil use, which should demonstrate enhanced
functional parameters as the working frequency range is limited, while the simultaneous number of com-
munication channels belonging to this range is growing. In this case, there are special requirements posed
to the linearity characteristics of the up-conversion mixer, because the neighboring channels may overlap
due to intermodulation distortions leading to degradation of the communication quality. This paper is de-
voted to the development of an up-conversion mixer with high linearity for the Ku frequency band.

The purpose of this article consists in designing a high-linearity up-conversion mixer. To achieve this
goal, the paper solves the following tasks: development of the circuit diagram for the high-linearity mixer;
simulation of the circuit diagram for the high-linearity mixer; comparison of the modified Gilbert cell
mixer with the parameters of the standard Gilbert cell mixer.

Gilbert cell

To realize the high-linearity mixer, we chose Gilbert cell circuit as a prototype [1—6]; its diagram is
presented in Fig. 1. A mixer of the Gilbert cell circuit has double balanced structure, which allows cance-
ling parasitic harmonics at the input signal frequency, local oscillator frequency and direct-current com-
ponents [7, 8].
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Fig. 1. Circuit diagram of Gilbert cell

We assumed the following operation mode of the mixer: four upper transistors V'T1—VT4 work in the
large-signal mode; the differential pair (V'T5, VT6) works in the small-signal mode. In this mode, the
output signal voltage of the mixer has the form:

vrr () ==iour ()R, =R Iryy tanh(;g jx sto(1)s
T

where s, (#) = £1 — local oscillator signal; v, — voltage of the desired input signal at the intermediate fre-
quency; R , — ohmic part of load impedance; ¢T = 26 u¥V — thermodynamic potential at 7= 300 K. After
analyzing the expression, we can see the local oscillator signal s, ,(#) ensures the current switching bet-
ween two arms and is not the source of non-linearity; the voltage of the desired signal v,.(?) is an argument
of a non-linear function, which describes the output signal of the differential pair. Thus, as the linearity
parameter of the differential pair increases, so does the overall linearity of the mixer, and as a result the
non-linear distortions decrease.

Multi-tanh principle

The task of enhancing the linearity of the differential pair is achieved by means of introducing the so-
called multi-tanh principle to the Gilbert topology [9—12]. The circuit realization of this principle lies in
parallel connection of N differential pairs to the input and the output. Each pair is characterized by co-
efficient of proportionality 4 = A /A,, where A and 4, are the areas of the base-emitter p—n junction of
the first and the second transistors in the differential pair, and the value of the differential pair biasing cur-
rent. Using transistors with different emitter areas, we can change the input voltage providing maximum
transconductance of the differential pair. The transconductance function of the differential pair depending
on the input voltage for this case has a form:

v y_dlour _ Tegp 42 (Viv +AVpr)
gm( IN)_d =5 S¢C >

VIN ¢T d)T
where AVBE — difference between base-emitter voltages of the differential pair transistors; V), — voltage
of the input differential signal; /,, — bias current of the differential pair; d)T — thermodynamic potential;
1 our — differential current at the differential pair output. The A VB - voltage defines the ¥V, voltage at which
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Fig. 2. Resultant transconductance function depending on input voltage

the transconductance of the differential pair reaches its maximum. With the parallel connection of N dif-
ferential pairs, the resultant transconductance is composed of the transconductances of each differential
pair. If the maxima of the transconductances of the differential pairs are achieved at different values of the
input signal, then a decrease in transconductance of one differential pair is compensated by an increase
in another pair. This smooths the dependence of the resultant transconductance in a certain range of the
input voltage reducing non-linear distortions. Fig. 2 shows this effect for a case of N = 4.

Development and modeling of the mixer circuit diagram

In the course of the study, we carried out a comparative analysis of the circuits of up-conversion mixers
with and without the use of the multi-tanh principle. For this, we developed and modeled three mixer cir-
cuits: a conventional Gilbert cell and mixers with two and three differential pairs. The parameters of great-
est interest that were obtained during the simulation are the point of intersection of the linear dependences
of the output powers of the fundamental component and third-order intermodulation distortion (OIP3)
[13—15] and the bias current value of the differential pair. The OIP3 parameter is calculated by analyzing
the power of the fundamental tone at the ®,,. frequency and the power of the third-order intermodulation
distortion in the output signal when a two-tone signal is supplied to the mixer input. For comparative
analysis, all topologies have the same supply voltage VEE = 3.3V, the ohmic part of the load impedance
R =100 Ohm, and the bias current of each differential pair.

At the first stage of development, we built and simulated a standard Gilbert cell circuit. The perfor-
mance indicators of the classical Gilbert cell are presented in Table 1. As a result of the DC analysis of the
circuit, the transconductance function g was obtained in dependence on the input signal voltage V. The
resulting dependence shown in Fig. 5 corresponds to the mathematical description of a standard differen-
tial pair. The linear properties of the mixer are characterized by a point value of O/P3 = 2.3 dBm.

At the second design stage, we developed another mixer circuit by introducing two differential pairs
connected in parallel. Each differential pair carries a bias current of / = 2-4 mA, which is equal to the
bias current of the differential pair in the classical Gilbert cell. We chose 32 as the ratio of the emitter areas
A of the differential pairs transistors. The circuit diagram of the resulting mixer is shown in Fig. 3.

The bias voltages of the transistors of the differential pairs were determined using optimization accord-
ing to the criterion of maximizing the OIP3 parameter. The resulting function of the transconductance
of the NPN differential pair in dependence on the input voltage was obtained after the DC analysis, the
results are shown in Fig. 5. The curve is characterized by two distinct maxima of the transfconductance
corresponding to each differential pair; we can observe that the region of a relatively weak change in the
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Fig. 3. Circuit diagram of mixer with two differential pairs

value of the transconductivity g, isexpanding, which indicates an increase in linearity. The linearity of this
mixer after analysis with a two-tone signal is O/[P3 =7.71 dBm.

At the third stage, we designed an um-conversion mixer circuit employing three differential pairs con-
nected in parallel at the input and output. The circuit diagram of the developed device is shown in Fig. 4.

In the presented diagram, the left and right differential pairs have a coefficient of proportionality of the
emitter areas A = 32, due to which the voltage A VB 1S approximately equal to 200 mV, the central differen-
tial pair is formed by transistors with the same emitter area, due to which the maximum transconductance
is achieved at zero input voltage. The resulting transconductance function depending on the input signal
is shown in Fig. 5.

The function is characterized by a relatively flat transconductance section for the amplitude of the
input signal in the range of AV[N = 500 mV. The bias current of the outermost differential pairs is the
previous value of /., = 2.4 mA. The bias current of the middle differential pair has been slightly in-
creased to 2.65 mA to reduce the ripple of the gm(V,N) function, which further improves linearity. The
indicator of the level of nonlinear distortion O/P3 = 8.81 dBm.

Fig. 5 shows the transconductance functions g_m versus the input signal voltage V]N for the three de-
veloped mixer topologies. The graph clearly shows the extension of the input voltage range V]N, in which
the transconductance g changes relatively slightly, as the circuitry solution becomes more complex: from
turning on an ordinary differential pair to turning on three parallel differential pairs. The results of the
three mixers are shown in Table 1.
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Fig. 4. Circuit diagram of mixer with three differential pairs
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Table 1
Results of mixers modeling
Vi V OIP3,dBm G, dB 1> MA
Standard Gilbert cell 33 2.3 9.2 2.38
Mixer with two diff. pairs 33 7.71 5.39 4.76
Mixer with three diff. pairs 3.3 8.81 4.88 7.14

Conclusion

The results show a 6.51 dB improvement in O/P3 with a three differential pair mixer and 2.41 dB with
a two differential pair mixer. With an increase in the degree of linearity, there is a natural decrease in the
conversion gain; for a circuit with three differential pairs, the gain dropped by 4.32 dB. As the circuitry
becomes more complex, the total mixer current increases, which is determined by the sum of the bias cur-

rents /,, - of each differential pair.
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