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ABSTRACT 

The demands for multi-standard, multi-band mobile 
handsets have motivated the development of analog front-
ends with flexible circuit topologies that can support a 
range of applications via adjustability and configurability. 
Accordingly, Gilbert cell mixers with a discretely and a 
continuously adjustable performance space are presented 
and analyzed. A discretely adjustable Gilbert cell is 
designed in CMOS 0.25um technology and a 
continuously adjustable Gilbert cell is implemented in the 
same technology. At 2.5GHz the following ranges of 
performance of the discretely adjustable Gilbert cell are 
obtained: a voltage gain from 15dB to –2dB, a NF from 
16dB to 9dB and an IIP3 from 11dBm to –8dBm. The 
performance is achieved for supply currents in the range 
from 1mA to 10mA. At 2.5GHz measured ranges of 
performance of the continuously adjustable Gilbert cell 
are: a voltage gain from 11dB to 7.5dB, a NF from 
15.2dB to 12.7dB and an IIP3 from 4.2dBm to 0dBm. 
The performance is measured by adapting the supply 
current in the range from 3.3mA to 4.1mA. The combine 
of both, continuous tuning and discrete tuning is a 
promising solution for coverage of a large desired 
specification space. 

1. INTRODUCTION 

The coexistence of all wireless technologies in one system 
and cheap and quick solution for new standards require 
multi-mode, multi-band and multi-standard mobile 
terminals. Hence, the demands for multi-standard mobile 
handsets have motivated the development of analog front-
ends with flexible circuit topologies that can support a 
range of applications via adjustability and configurability. 
The concept of adjustability makes only sense if the reuse 
count of the flexible circuits (how many times the circuit 
is used while having a minimum amount of design effort) 
justifies the investment. This in turn, is strongly related to 
the performance space (the set of specifications that can be 
covered with one circuit, which is a sub-set of the total 
design space) that can be covered by the adjustable circuit. 

This paper is organized as follows. In section 2 the 
performance space of the Gilbert cell, (see fig. 1), one of 
the most common mixer topologies is investigated. An 
optimization procedure for its design is given in [1]. The 
impact of discrete variation on the performance of this 

topology is investigated. In section 3, as an example, a 
Gilbert cell mixer with an extended continuously 
adjustable performance space is presented. In section 4 the 
combination of both, continuous tuning and discrete 
tuning is recommended as a future work, as a promising 
solution to cover a desired specification space. Section 5 is 
reserved for the conclusions. 

 

Figure 1. The Gilbert cell 

2. A GILBERT CELL WITH A 
DISCRETELY ADJUSTABLE 

PERFORMANCE SPACE 

A Gilbert cell with a discretely adjustable performance 
space (see fig 2) is based on the Gilbert cell. The 
switching stage is the same stage as in the Gilbert cell. It is 
a cross-coupled differential pair that consists of the 
transistors M3, M4, M5 and M6. The load resistors and the 
transconductance stage are programmable. To facilitate 
the discrete adjustability the NMOS transistors Msw1, Msw2, 
… MswN and 1swM , 2swM , …, swNM ; and PMOS 

transistors MR1, MR2, … MRN and 1RM , 2RM , …, RNM  

operate as switches. The transistors M11, M12, …, M1N and 
M21, M22, … M2N implement the N differential pairs of the 
transconductance stage. So, the transconductance stage 
consists of N differential pairs which could be switch ON 
and OFF. With a different combination of the switches 
different transistor sizes can be achieved. Each 
combination of the differential pairs can be biased by one 
of different current sources Ibias1, Ibias2, … IbiasN. Hence, 
there are 2N combinations of (differential pairi, Ibias,l), 
where i=1...N, l=1...N. For each group of (differential 



pairi, Ibias,l), i=1...N, l=1...N there is a pair of load resistors 
RG1 and RL1, RG2 and RL2, …, RGN and RLN. RG,i is a load 
resistance that gives the maximum voltage gain for a 
certain group (differential pairi, Ibias,l), i, l=1...N; and RL,i is 
load resistance that gives the maximum linearity for the 
same group. The biasing voltages (Vrfdc, Vlodc) differ for a 
different combination of (differential pairi, Ibias,l , RG,n and 
RL,n), where i, l, n =1…N. In such a way different set of 
specification can be achieved. 

 
Figure 2. The Gilbert cell with a discretely 
adjustable performance space 

The optimization procedure for the discretely adjustable 
Gilbert cell is similar as for the Gilbert cell. For a desired 
NF a certain combination of (differential pairi, Ibias,l), 
i=1...N, l=1...N, is chosen. In addition for each 
combination of (differential pairi, Ibias,l) the biasing 
voltages (Vrfdc, Vlodc) and the load resistor value (R) are 
adjusted in such a way that a maximum voltage gain is 
achieved. In this way the value of RG,l  is determined. 
Then, the value of RL,l  for which the maximum input-
referred IIP3 is achieved, is determined. 

Theoretically the number N can be unlimited. In practice it 
is limited and is a trade-off between the degradation of 
mixer performance and a desirable resolution of the 
adjustability. In order to estimate the performance 
degradation the impact of the MOSFET switches on the 
mixer performance has to be considered. 

Less impact of the switches on the voltage gain and the 
NF can be expected by decreasing the resistance value of 
Rsw,i of the transistor Msw,i when it is ON and increasing the 

iswZ ,  impedances of iswM , . An increased W/L ratio of 

the transistor Msw,i decreases Rsw,i when the transistor in 
ON, but introduces more parasitics and results in increased 
chip area. A smaller W/L ratio of the transistor iswM ,  

increases iswZ ,  when the transistor is OFF, but increases 

iswR ,  when the transistor is ON. However, a high value of 

iswR ,  does not influence the voltage gain and the NF since 

it is not in the signal path. The resistance values of RR,i and 

iRR ,  of the transistors MR,i and iRM , , respectively,  when 

they are ON can be neglected, since are in series with high 

load resistance. Parasitic capacitance when the transistors 
are OFF can be also neglected since the output signal is 
the intermediate frequency (IF) signal at relatively low 
frequencies.  

Assuming a perfect square wave for local oscillator (LO) 
voltage and neglecting the impact of the switches, the 
voltage gain of this topology can be calculated as: 
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The total inter-modulation in the discretely adjustable 
Gilbert cell can be approximated in a similar way as the 
total inter-modulation in the Gilbert cell. The total inter-
modulation is approximately equal to the sum of the inter-
modulation values that the transconductance and the 
switching stage would generate if the other stage were 
ideal, [3]. Hence, in the case RL,l  is ON, the inter-
modulation is limited by the transconductance stage. In the 
case RG,l  is ON, a high voltage drop at the drain of the 
transistors in the switching stage will turn them in the 
triode region. Then the inter-modulation is determined by 
both the transconductance and the switching stage. 

In order to make a comparison between the fixed and the 
discretely adjustable Gilbert cell, both topologies are 
simulated, by using the circuit simulator SpectreRF in 
CMOS 0.25um technology. For this specific case the 
transconductance stage of discretely adjustable Gilbert cell 
consists of 3 differential pairs where M11 has 
W/L=50/0.25; M12 and M13 have W/L=100/0.25. M12 and 
M13 can be switch ON and OFF. The combinations of 
transistor sizes, Ibias and load resistors used in this example 
are presented in Table 1. The sizes of switches are: Msw,i 
has W/L=100/0.25, iswM ,  has W/L=10/0.25, and MR,i and 

iRM ,  have W/L=100/0.25. The fixed Gilbert cell is 

simulated separately for each combination. 

Increasing Ibias (more than 10mA) improves only slightly 
the NF while the power dissipation is very high. Further 
decrease of the transistor size (less than 50um) brings the 
transistors out of saturation for Ibias=10mA. Further 
increase of the transistor sizes (more than 250um) 
improves slightly the voltage gain and the NF while 
parasitics degrade circuit performances at higher 
frequencies. Increasing RGi does not improve the voltage 
gain any more. A lower value of RLi improves slightly the 
IIP3.  



Table 1. The chosen combinations for the 
discretely adjustable Gilbert cell 

transistor 
sizes 

M11 
50um 

M11 and M12 
150um 

M11, M12, M13 
250um 

 

Ibias=1mA RG1 =2.5K 
RL1  =2K 

RG1 =2.5K 
RL1  =2K 

RG1 =2.5K 
RL1  =2K 

 

Ibias=5mA RG2 =550 
RL2  =350 

RG2 =550 
RL2  =350 

RG2 =550 
RL2  =350 

 

Ibias=10mA RG3
’ =180 

RL3  =100 
RG3 =250 
RL3  =100 

RG3 =250 
RL3  =100 

The simulated ranges for the voltage gain, the NF (the 
SSB NF is simulated at a 50Ω source impedance) and the 
IIP3 of the fixed Gilbert cell and the discretely adjustable 
Gilbert cell are given in Table 2.  

Table 2. Simulation results at 2.5GHz 

 Gain [dB] NF [dB] IIP3 [dBm] 

Fixed 
Gilbert cell 

Max =16 

Min  =-2 

Max =14 

Min=7 

Max=12 

Min =-8 

Discretely 
adjustable 
Gilbert cell 

Max =15 

Min=-2 

Max =16 

Min=9 

Max =11 

Min=-8 

From the obtained results the following can be concluded. 
Significant flexibility is achieved. Moreover, emerging 
standards can easily fit in predesigned discretely 
adjustable topologies, and hence, products are ready very 
quickly on the market. The price paid for programmability 
and adjustability is degradation of the circuit performance 
due to the parasitic capacitances and the resistance value 
of the switches biased in the triode region when it is ON. 
This is especially case when the number N is higher and at 
higher frequencies. 

3. A GILBERT CELL WITH A 
CONTINUOUSLY ADJUSTABLE 

PERFORMANCE SPACE 

A continuously adjustable Gilbert cell (see fig 3) is also 
based on the Gilbert cell mixer. The switching stage is the 
same stage as in the Gilbert cell. It is a cross-coupled 
differential pair that consists of the transistors M3, M4, M5 
and M6. The transconductance stage in the continuously 
adjustable topology differs from the transcoductance stage 
in the fixed Gilbert topology. It consists of two differential 
pairs. One of the differential pairs consists of transistors 
M1 and M2, and it is referred to as the fixed differential 
pair. It is biased by the current source Ibias1, as in the 
Gilbert cell. The other differential stage consists of the 
transistors M11 and M22, and it is called the cross-coupled 
differential pair. It is biased by the current source Ibias2.  

The optimisation procedure of the continuously adjustable 
Gilbert cell is the same as for the fixed topologies. In the 
case Ibias2 is zero, the adjustable Gilbert cell behaves as a 
conventional Gilbert cell. In the case Ibias2 is non-zero, the 
optimisation technique is the following. The biasing 
voltages (Vrfdc, Vlodc), sizes of all transistors, and the load 
resistor value (R) are adjusted such that all transistors are 

in saturation. The next step is to optimize the switching 
and the fixed differential stage for a high gain and a low 
noise contribution. The cross-coupled differential stage is 
optimised to improve the linearity. By changing Ibias1 and 
Ibias2 currents, different values for the conversion gain, the 
noise figure and the linearity can be achieved. 

 
 

Figure 3: The continuously adjustable Gilbert cell 

Assuming a perfect square wave for local oscillator (LO) 
voltage, the voltage gain of the adjustable Gilbert topology 
can be approximated as: 
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where gm1 is the transconductance of M1 and M2 and gm2 is 
the tranconductance of M11 and M22. 

Taking noise folding from the frequency fRF +flo into 
account the NF of the adjustable mixer can be 
approximated by: 
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In order to analytically estimate the inter-modulation the 
drain current is modeled by, [3]: 
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(Vgs-Vt) is the overdrive voltage of a transistor, coefficient 
θ models the source series resistance, mobility degradation 
because of the vertical field, and short-channel effects 
such as velocity saturation. For a 0.25-um CMOS 
technology θ =2.5 V-1, approximately [3]. K is expanded 
as LWCK ox /µ= . The output current from the 
transconductance stage can be described as a Taylor series 
polynomial expression of the input voltage vgs: 

( ) ( ) ( ) ...3
33

2
221121 +−+−+−=−= gsgsgs vbavbavbaiii   (6) 

where a1=dIbias1/dVgs1,a2=d2Ibias1/dVgs1
2,a3=d3Ibias1/dVgs1

3, 
b1=dIbias2/dVgs2, b2=d2Ibias2/dVgs2

2, b3=d3Ibias2/dVgs2
3, (Vgs1-

Vt) is the overdrive voltage of the transistor M1 and M2, 
and (Vgs2-Vt) is the overdrive voltage of the transistor M11 
and M22. In order to cancel the third order distortion 



products, each stage should be designed such that 33 ba = , 
[2]. For 33 ba = the following relation is estimated: 
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where Wd1 is the width of M1 and M2, and Wd2 is the width 
of M11 and M22. For this specific design the target is a 
maximum adjustability over a certain range and not 
design for the point of “ideal” inter-modulation 
cancellation.  
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Figure 4: Measured and simulated results 

The input signal is set to 2.5GHz, while the output signal 
is measured at an IF of 2MHz. A SSB NF is measured at a 
50Ω source resistance. The differential LO voltage swing 
is Vlo=500mVp, the supply voltage is 2.5V, Ibias1=3.3mA, 
R=500Ω, Ld1=Ld2=Ls=0.25um (Ld1 is length of M1 and M2; 
Ld2 is length of M11 and M22) Wd1=100um, Wd2=40um, 
Ws=80um (Ws and Ls are width and length of M3, M4, M5 
and M6).  

 

Figure 5: Die micrograph of the adjustable 
Gilbert cell  

The measured (solid line) and simulated (dashed line) 
results are presented in fig. 4. By increasing Ibias2 the 
voltage gain will decrease, the NF will increase and the 
linearity first will increase due to cancellation of third 
order distortion products. In the case of further increase of 
Ibias2 the linearity will decrease. There are two reasons for 
this. The first reason is that in the case of further increase 
of Ibias2 cancellation of the third derivatives (a3- b3) of the 
I-V curve becomes constant, [3] and the first derivatives 

(a1- b1) cancel each other further (IIP3~(a1- b1)/ (a3- b3)). 
The second reason is that an increase of the total bias 
current will increase the voltage drop at the drain of the 
transistors in the switching stage. This will bring the 
switching transistors into the triode region. 

The die photo of the realized adjustable Gilbert cell is 
shown in fig. 5. The active chip area is 180um х 210um. 
The fixed Gilbert cell (fig. 1) was also realized. For the 
same design parameters (as the continuously adjustable 
Gilbert cell) and Ibias1=3.3mA a voltage gain of 13dB, a 
NF of 12dB and an IIP3of 1dBm are obtained.  

4. COMBINED METHOD TO VARY 
TOPOLOGY PERFORMANCE 

Based on the achieved results some general 
recommendations, which are important for choosing 
methods to vary a topology performance, can be proposed. 

Values of design parameters can be tuned continuously 
(analog tuning). Alternatively, a value of each design 
parameter can be tuned discretely by switching between 
different values (digital tuning). The trends from the 
achieved results show, that by increasing the number of 
switches in discrete tuning topology performance is 
degraded. There are some limitations in achieving a wider 
continuous tuning range because topology performance is 
also degraded by increasing the tuning range. Combination 
of both, continuous tuning and discrete tuning are a 
promising solution to cover all points of interest of the 
overall specification space of a certain topology. 

5. CONCLUSION 

Gilbert cell mixers with a discretely and a continuously 
adjustable performance space are presented and analyzed. 
A particular test circuit of a discretely adjustable Gilbert 
cell is designed in CMOS 0.25um technology and a 
particular test circuit of a continuously adjustable Gilbert 
cell is implemented in the same technology. Combination 
of both, continuous tuning and discrete tuning is expected 
to be a good solution to cover the desired specification 
space of a certain topology with the small performance 
degradation. 
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