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Abstract—This paper presents an ultra-wide band, fully 

balanced, down converting frequency mixer MMIC that was 

designed for a high dynamic range radar receiver system. The 

multi-tanh triplet principle is used to achieve high linearity and 

good noise matching performance. A state of the art 0.13 µm SiGe 

BiCMOS process is employed for enabling an ultra-wide band 

operation. The design features minimum double side band noise 

figure of 10 dB,  conversion gain of 9 dB, very compact active area 

of 0.014 mm2, whereas the 1 dB compression point is reached at  

the input power level of -8 dBm. To the best knowledge of the 

author, the proposed mixer MMIC outperforms the state of the art 

reported active mixer designs in terms of figure of merit, typically 

defined for evaluating frequency mixers.  

Keywords—Dynamic range linearization, mixers, MMICs, noise 

measurements, radar applications, silicon germanium. 

I.  INTRODUCTION  

The dynamic range of a radar system mainly depends on 
following criteria – the antenna gain, the transmit power, the 
sensitivity and the linearity of the receiver. With state of the art 
GaN HEMT based power amplifiers, very high transmit 
powers, above 45 dBm for frequencies above the X-Band can 
be achieved [1, 2]. High gain antennas operating at various 
bands and even MIMO arrays, achieving 12 dBi of antenna gain 
have been reported [3 – 5]. Considering the receiver systems, 
however, achieving high sensitivity comes as a trade-off to 
reduced linearity and vice versa [6]. Therefore this topic needs 
to be addressed closer. In high dynamic range radar receiver 
systems, the gain of the low noise amplifier (LNA) is usually 
limited to levels far below 20 dB, for the sake of achieving 
higher linearity. This makes the noise of the mixer, which is 
usually 2nd or 3rd component in the receiver chain, to have a very 
high contribution to the overall receiver’s noise and hence - 
sensitivity.  

This paper presents a balanced ultra-wide band, active mixer 
design, based on multi-tanh triplet technique. This technique 
enables a strong linearity enhancement without notably 
degrading the noise performance. This paper is organized as 
follows: in section II the design approach is discussed, section 
III deals with realization, in section IV the measurement setup 
and the results are presented and section V gives a brief 
conclusion. 

II. DESIGN APPROACH 

Considering the large signal, with increasing input power 
(PIN), the voltage swing at the base-emitter junction of the 
bipolar transistor becomes too large, driving the device out of 
the linear region. In such case considerable harmonic signal 
components occur, distorting the output signal and after some 
level making it unusable for further processing. Considering a 
basic differential pair circuit, the output current and the 
transconductance (g�) can be expressed as follows: 

                 I��� = I� × tanh ����
���

�             (1)  

          g� �V��� = �����
����

= ��
���

sech� ����
���

� ,           (2) 

where VT is the thermal voltage, VIN is the input voltage, IOUT is 
the output current and IT is the tail current. The differential pair 
transistors reach their peak transconductance level at the point, 
where Iout has the steepest increase vs. VIN (Fig. 1). However, 
due to obviously low voltage capacity of the transconductance 
curve, just after a small input voltage change (by 45 mV, in the 
example in Fig. 1), the transconductance decreases by 50 %.  

 

 

 

 

 

 

 

 

Fig. 1. The behavior of Iout (dashed) and gm (solid) with respect to VIN. 

For the simplified case considering a single stage differential 
pair and an RL = 50 Ω load termination, the operating gain (G) 
in dB of the system can be approximated as follows: 

         G = 20 log�g� × R&� dB             (3) 

In such case, a decrease of transconductance by 50 %, would 
cause an operating gain to drop by 6 dB.  
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Reducing the gain by reducing gm, or introducing the emitter 
degeneration resistors are commonly used approaches to slightly 
enhance the linearity, however both of these methods are 
penalized by a significant increase of the system noise.    

To overcome these issues, a technique, called the multi-tanh 
principle is here employed. This technique, in detail described 
in [7], enables the extension of the voltage capacity of the 
transconductance and hence it can improve the circuit linearity 
without a notable noise performance degradation.  

This is achieved by combining multiple differential pairs, 
each connected in parallel and each with an offset voltage 
(VOFFSET) applied at the base-emitter junction. By this means, 
multiple gm functions are realized. These individual gm functions 
are separated by a distance of VOFFSET along the VIN axis. All 
together, these multiple gm functions are combined to form one 
single gm function that is widely spread along the input voltage 
VIN axis (Fig. 2). 

 

 

 

 

 

 

 

 

Fig. 2. The resulting gm (solid), combined of 3 individual gm functions 

(dashed), shifted by VOFFSET = 30 mV. 

N differential pairs, forming N individual gm functions can be 
used. Theoretically this would enable an extensively large 
voltage capacity of the transconductance function. However, 
combining a large number of parallel differential pairs on chip 
is challenging due to symmetry reasons and comes with a 
drawback of increased noise. As a good trade-off between 
simplicity, low noise operation and linear performance, a 
number of N = 3 parallel differential pairs (the so-called triplet 
approach) was chosen for this design.        

III. REALIZATION 

Based on this technique, a fully balanced, ultra-wide band 
active mixer MMIC was designed and fabricated. Three 
connected-in-parallel differential pairs were chosen to form a 
multi-tanh triplet (Fig. 3). A very fast 130 nm SiGe BiCMOS 
process IHP SG13G2, featuring fT = 300 GHz and fMAX = 
450 GHz was used to achieve wide-band performance. 

The best agreement between high conversion gain and 
linearity was found for VOFFSET = 50 mV. This voltage was 
realized by scaling the emitter areas of the transistors used in the 
differential pairs and by using the offset resistors RO1 and RO2. 
The transistors in the left side differential pair have an emitter 
area of AE = 10 × 0.9 µm × 0.07 µm (left) and AE = 2 × 0.9 µm 
× 0.07 µm (right). The numbers 10 and 2 denote the number of 
fingers (nf). 0.9 µm is a single emitter width and 0.07 µm is a 

single emitter length. The middle differential pair has equal 
transistor sizes of AE = 6 × 0.9 µm × 0.07 µm and the right 
differential pair is the same as the left one, mirrored along the y-
axis. The differential input signal is supplied through 2 emitter-
followers. These emitter-followers supply the current for 
realizing the voltage drop on the offset resistors RO1 and RO2.  

Fig. 3. Schematic diagram of the proposed multi-tanh triplet mixer circuit.  

The resistor RFOLL is chosen in the way to provide the bias 
voltage for the differential input pairs. The transistors in the LO 
stage are scaled to have an equal total size of the differential 
pairs (AE = 9 × 0.9 µm × 0.07 µm).  

For yielding higher conversion gain (CG), the charge 
injection technique is used [8, 9]. By employing the injection 
resistors (RINJECTION), the voltage drop on the load resistances 
(RL) is reduced, therefore a higher RL can be chosen, leaving 
enough voltage “leg room” for the remaining part of the circuit. 
The resistors and the MIM capacitors were dimensioned and 
optimized with respect to the best circuit performance. The 
circuit is optimized to be functional for RF frequencies from 4 
to 40 GHz, whereas for the IF bandwidth the targeted range is 1 
to 100 MHz. Due to the low targeted IF frequencies, the DC 
block capacitors for the output IF side are left off-chip. The main 
supply voltage is Vcc = 4 V, whereas the supply voltage, used 
for emitter-followers Vcc2 = 3 V. The total current, drawn by the 
circuit is 21 mA. 

Fig. 4. Photograph of the fabricated mixer MMIC. 

The fabricated MMIC has a total area of 0.84 mm × 0.76 mm 
= 0.64 mm2, where the active area is only 0.014 mm2 (Fig. 4). 
The layout was verified by means of 3D finite element method 
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(FEM) simulator from Keysight ADS, the layout parasitic 
effects were included into the simulation results.  

IV. MEASUREMENTS AND RESULTS 

The fabricated MMIC was measured in the labs of 
Technische Universität Dresden. Three different measurement 
types were performed – small signal, noise and linearity. The 
core measurement setup is presented in Fig. 5.  

On the differential RF and LO input sides broadband 5 MHz to 
67 GHz baluns (Hyperlabs HL9407) and GSGSG probes 
(Picoprobe 67A) were used. The IF output was connected to a 
250 kHz to 10 GHz balun (Prodyn BIB 100G) and Z-Probes 
form Cascade Microtech. For generating the LO signal, a 
broadband 250 kHz to 67 GHz signal generator (Agilent 
E8527D) was employed. The noise measurements were carried 
out by using a noise source (NOISECOM NC 5115) and a 
spectrum analyzer (Rohde&Schwarz FSU67) with noise 
measurement option. For small signal and linearity 
measurements, a second broadband 250 kHz to 67 GHz signal 
generator (Agilent E8257D) was employed. 

Fig. 5. Core measurement setup. 

The measured conversion gain is around 9 dB and the -3 dB 
RF port bandwidth is reached at 48 GHz. The -3 dB RF 
bandwidth exceeds the simulation results, however based on the 
same technology, similar behavior was already observed in 
previous designs. The minimum measured noise figure is NFDSB 
= 10 dB.  

 

 

 

 

 

 

 

 

Fig. 6. Conversion gain. RF and LO frequency sweep at fixed IF frequency 

of 50 MHz. Dashed: simulation, solid with symbols: measurement. 

With respect to the measurements, the Pin 1 dB compression 
point is reached at -8 dBm input power level (Fig. 8), the 

corresponding IIP3 is 1.6 dBm and OIP3 is 10.6 dBm. The LO 
to RF port isolation is 48 dB and the LO to IF isolation is 63 dB. 
The circuit consumes a total of 100 mW DC power. It 
demonstrated nearly identical performance for the LO level in 
the range from -5 dBm to 0 dBm, subsequently the LO power 
level of -2.5 dBm was chosen. 

 

 

 

 

 

 

 

 

Fig. 7. Double side band noise figure. RF and LO frequency sweep at fixed 

IF frequency of 50 MHz. Dashed: simulation, solid with symbols: 

measurement. 

 

 

 

 

 

 

 

 

Fig. 8. Conversion gain versus input power. RF frequency = 10 GHz, LO 

frequency = 10.05 GHz, IF frequency = 50 MHz. Dashed: simulation, 

solid with symbols: measurement. 

For benchmarking purposes, the state of the art of the 
comparable mixer designs is given in TABLE I. The figure of 
merit (FOM) is defined as 

 FOM = ,-×��./
.01×�2034×561�

× BW 89:;×<=>
;?×;;@A          (4) 

As defined above, CG is the conversion gain in dB, OIP3 is the 
3rd order intercept point in dBm, PDC is the total dissipated DC 
power, AACT is the active chip area in mm2 and BW is the 
bandwidth in GHz.  

V. CONCLUSION 

A broadband 2 – 48 GHz down-converting mixer MMIC 
was designed and fabricated based on multi-tanh triplet 
topology. The good measured performance, featuring PIN 1 dB 
= -8 dBm, CG = 9 dB, NFDSB = 10 dB and very compact core 
circuit size of only 0.014 mm2 demonstrates the feasibility of 
this design approach for the high dynamic range receiver 
systems. To the best knowledge of the author, this design 
strongly outperforms the state of the art reported active mixer 
MMICs in terms of the defined FOM.      
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TABLE I - COMPARISON OF STATE-OF-THE-ART MIXER MMICS. 

Technology Type 

RF/IF  

-3 dB BW 

(GHz) 

CG 

(dB) 

OIP3 

(dBm) 

NFDSB 

(dB) 

PDC 

(mW) 

AACT  

(mm2) 

FOM 

(dBm×GHz

/mW×mm2) 

Ref. 

0.09 µm SOI CMOS Unbalanced 10 -6.3 -2.7 6 0 0.09 n/a [10] 

0.18 µm CMOS Double balanced 7 14.6 18 10.6 5 n/a n/a [11] 

0.18 µm SiGe Distributed 65 3 4.2 n/a 17.5 0.29 n/a [12] 

0.12 µm SiGe Double balanced 5 7.5 7.1 9 140 0.37 0.6 [13] 

0.13 µm CMOS Double balanced 8 24 11 8 18 0.19 77 [14] 

0.13 µm SiGe Single balanced 30 5.5 6.1 16 22.5 0.018 155 [15] 

0.13 µm SiGe Double balanced 46 9 10.6 10 100 0.014 313 This work 

 


