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ABSTRACT 

Analog multipliers are used for frequency conversion and are critical components in modern radio 

frequency (RF) systems. RF systems must process analog signals with a wide dynamic range at high 

frequencies. A mixer converts RF power at one frequency into power at another frequency to make signal 

processing easier and also inexpensive. A fundamental reason for frequency conversion is to allow 

amplification of the received signal at a frequency other than the RF, or the audio, frequency. This paper 

deals with two such multipliers using MOSFETs which can be used in communication systems. They were 

designed and implemented using 0.5 micron CMOS process. The two multipliers were characterized for 

power consumption, linearity, noise and harmonic distortion. The initial circuit simulated is a basic Gilbert 

cell whose gain is fairly high but shows more power consumption and high total harmonic distortion. Our 

paper aims in reducing both power consumption and total harmonic distortion. The second multiplier is a 

new architecture that consumes 43.07 percent less power and shows 22.69 percent less total harmonic 

distortion when compared to the basic Gilbert cell. The common centroid layouts of both the circuits have 

also been developed. 
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1. INTRODUCTION 

An Analog multiplier is a device having two input ports and an output port. The signal at the 

output is the product of the two input signals. If both input and output signals are voltages, the 

transfer characteristic is the product of the two voltages divided by a scaling factor, K, which has 

the dimension of voltage as shown in Figure 1 [1]. 

 

 Figure 1. Basic Analog multiplier 
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Mixer is a device used to mix two input signals and deliver an output voltage at frequencies equal 

to the difference or sum of the input frequencies. Any nonlinear device can do the job of mixing 

or modulation, but it often needs a frequency selection network which is normally composed as a 

LC network. Hence a mixer needs at least one non-linearity, such as multiplication or squaring, in 

its transfer function. Every analog multiplier can effectively used as a mixer, but the inverse does 

not hold [2]. 

 

There is a lot of similarity between multiplier and mixer, but the main difference between them is 

that in frequency multiplier only one signal is implied while in mixer we need two signals as 

source. The similarity is that, in both of them, we drive circuits to nonlinear region to produce the 

harmonic of input signal in multiplier and to produce the intermodulation of input signals in 

mixer. That is, in a mixer, there is a sum and difference of the input frequencies due to the non-

linearity of a device. 

 

2. MIXER DEFINITIONS 

Mixers are non-linear devices used in systems to translate one frequency to another. All mixer 

types work on the principle that a large Local Oscillator (LO) RF drive will cause 

switching/modulating the incoming Radio Frequency (RF) to the Intermediate Frequency (IF) [3].  

The multiplication process begins by taking two signals: 

 

a = Asin(ω1.t + φ1 ) and signal b = Bsin(ω2.t + φ2 )      (1) 

 

The resulting multiplied signal will be: 

 

a.b = AB sin(ω1.t + φ1 ). sin(ω2.t + φ2 )        (2)                          

 

This can be multiplied out thus: 

 

Using the trigonometric identity 

 

sinAsinB = -½[cos(A+B)-cos(A-B)]        (3) 

 

Where A = (ω1.t + φ1 ) and B = (ω2.t + φ2 ) 

 

= -AB/2 [cos((ω1.t +φ1 )+(ω2.t + φ2 )) 

              - cos((ω1.t + φ1 )-(ω2.t + φ2 ))]        (4) 

 

= -AB/2 [cos((ω1 + ω2 )t + (φ1+ φ2 )) 

              - cos((ω1 - φ1 )t - (φ1- φ2 ))]        (5) 

 

= -AB/2 [cos((ω1 + ω2 )t + (φ1+ φ2 )) - cos((ω1 – ω2 )t - (φ1- φ2 ))] 

                  
  

The following parameters are important for an analog multiplier.  

 

(1) Conversion Gain: This is the ratio in dB between the IF signal which is the difference 

frequency between the RF and LO signals and the RF signal.  

(2) Noise Figure: Noise figure is defined as the ratio of SNR(Signal to Noise Ratio) at the IF port 

to the SNR of the RF port. 
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3. GILBERT CELL MIXER  

The basic idea of multiplier implementation is illustrated in Figure 2 [4]. Two signals V1(t) and 

V2(t) are applied to a non linear device, which can be characterized by a higher order polynomial 

function. This polynomial function generates the terms like V1² (t), V2² (t), V1³ (t), V2³ (t), V1² 

(t)*V2(t) and many others besides the desired V1(t).V2(t). Then it is required to cancel the 

undesired components. This is accomplished by a cancellation circuit configuration. 

A multiplier could be realized using programmable transconductance components. Consider the 

conceptual transconductance amplifier of Figure 3(a), where the output current is simply given by  

               i0 = Gm1v1             (6) 

 

Figure 2. Basic idea of multiplier. 

where 

              Gm1 = Gm1 (Ibias1)                     (7) 

For a bipolar transconductor, Gm1  becomes 

              Gm1 = Ibias1/(2.Vt )         (8) 

Where Vt is the thermal voltage (kT/q). 

Next, a small signal is added to the bias current as shown in Figure 3(b). The second input signal 

v2(t)can be converted into a current, i2(t) = Gm2v2(t), as illustrated in Figure 3(c). 

Then, the output current yields 

              i0(t) = Gm1v1 = 
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or 

                  i0(t) = )()()( 12211 tvktvtvk +      (11) 

Thus, i0(t) represents the multiplication of two signals v1(t) and v2(t) and an unwanted component 

k2v1(t) [4]. This component can be eliminated as shown in Figure 3(d). Better cancellation is 

achieved when the third transconductor (Gm2) becomes a fully differential transconductor, and v1 

and v2 are fully differential inputs as illustrated in Figure 3(e). 

                  i0(t) = )()(2 211 tvtvk                  (12) 
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This is the basic operation principle of a Gilbert cell [5], [6]. Operational transconductance 

amplifier (OTA)-based implementations are reported in [8]–[9]. The connection to the Gilbert cell 

can be seen by substituting the transconductors in Figure 3(e) by bipolar junction transistor (BJT) 

differential pairs. 

As the digital technology dominates in modern electronics, analog circuits are required to share 

the same standard CMOS process for low-cost fabrication. Thus, the popular BJT Gilbert Cell is 

not suitable in a standard digital process, and designers must address low power supply voltage 

requirements. One problem that circuit designers often encounter is how to select the best 

multiplier architecture for their applications. Unfortunately, designers who propose multipliers in 

the literature often do not make reference to or comparison to other multipliers. This lack of 

comparison causes the same basic multiplier architectures to be, from time to time, reported as 

“new” architectures. The transconductance multipliers are classified into eight types. They can be 

categorized into two groups based on its MOS operating region, linear and saturation. It should be 

emphasized that the fundamental multiplier circuit topology for many of the multipliers is the 

same [4].  

 

 

4. CIRCUIT TOPOLOGIES 

Differential pairs reveals two important aspects of their operations: (1) the small – signal gain of 

the circuit is a function of the tail current and (2) the two transistors in a differential pair provides 

a simple means of steering the tail current to one of two destinations. By combining these two 

properties, we can develop a versatile building block. 

Figure 3. Multiplication operation using programmable transconductor 
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Suppose we wish to construct a differential pair whose gain is varied by a control voltage. This 

can be accomplished as depicted in Figure 4(a), where the control voltage defines the tail current 

and hence the gain. In this topology, the voltage gain varies from zero to a maximum value given 

by voltage headroom limitations and device dimensions. This circuit is a simple example of a 

“variable – gain amplifier” (VGA) [10]. VGAs find application in systems where the signal 

amplitude may experience large variations and hence requires inverse changes in the gain. 

Now suppose we seek an amplifier whose gain can be continuously varied from a negative value 

to a positive value. For that we consider two differential pairs that amplify the input by opposite 

gains Figure 4(b). We now have  

Vout1/Vin = -gmRD         (13) 

and      Vout2/Vin = +gmRD        (14) 

where gm denotes the transconductance of each transistor in equilibrium. If I1 and I2 vary in 

opposite directions, then we have two gain values inout vv /1  and inout vv /2  which vary in 

opposite directions. 

 

 

 

We can combine Vout1 and Vout2 into a single output as shown in Fig 5(a) then the two voltages 

can be summed, producing  

Vout = Vout1 + Vout2 = inin VAVA .. 21 +     (15) 

Where A1 and A2 are controlled by Vcont1 and Vcont2 respectively.  

Since     211 DDDDout IRIRV −=                             (16)   

342 DDDDout IRIRV −=         (17) 

 We have, 

  ).()( 324121 DDDDDDoutout IIRIIRVV +−+=+    (18) 

Thus, rather than add Vout1 and Vout2, we can short the corresponding drain terminals to sum the 

currents and subsequently generate the output voltage. If I1 =0 then Vout = gmRDVin and if I2 =0, 

then Vout = -gmRDVin. For I1 = I2 the gain drops to zero. In the circuit of Figure 5(b), Vcont1 and 

Vcont2 must vary I1 and I2 in opposite directions such that the gain of the amplifier changes 

monotonically [10]. For a large 21 contcont vv − all of the tail current is steered to one of  

Figure 4. (a) Simple VGA. (b) two stages providing opposite gains. 
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\ 

the top differential pairs and the gain from Vin to Vout is at its most positive or most negative 

value. For Vcont1 = Vcont2, the gain is zero. For simplicity, we redraw the circuit as shown in Fig 

5(d) which is called as “Gilbert cell”. The idea is to convert the input voltage to current by means 

of M5 and M6 and route the current through M1 –M4 to the output nodes. If the voltage given to 

M1 and M3 is positive, then only M1 and M2 are on. 

inDmout VRgV 6,5=         (19) 

 Similarly if the voltage given to M4 and M2 is negative then only M3 and M4 are on. 

inDmout VRgV 6,5−=         (20)                        

 

Table 1. Specifications for Multiplier Design 

VDD = 5V Noise spectral 

density <1µV/Rt 

Conversion gain    

> 10dB 

Power < 1mW Frequency of 

operation 

>100MHz 

Dynamic Range     

> 100dB 

 

Figure 5. (a) Summation of the output voltages of two amplifiers, (b) summation in the current 

domain, (c) use of M5- M6 to control the gain, (d) Gilbert cell 
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The Gilbert cell shown in Figure 6 includes two resistive loads and eight NMOS transistors, 

where all are working in saturation region. There are two differential inputs given to the circuit. 

Input in1 and in2 is a differential square signal and in3 and in4 is a differential sine signal. The 

current source provides current to bias the circuit and in this top most four transistor works as 

switch, the signal fed in the lower part of the circuit is multiplied by the signal fed into the 

transistors M1-M4 and the output obtained is a differential output. This circuit is characterized 

with respect to parameters shown in Table 1 and the result is compared with the result of circuit 

shown in Figure 7 after characterizing it with respect to the same parameters. 

 

 

 

 

 

 

Figure 6. Basic Gilbert cell 

Figure 7. Fully differential four quadrant multiplier 
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Table 2. Circuit Elements 

Parameter Name Basic Gilbert cell 
Fully Differential four 

quadrant multiplier 

R1 

R2 

Ibias 

Device Name 

M1 

M2 

M3 

M4 

M5 

M6 

M7 

70k 

70k 

14µ A 

W/L 

4 

4 

4 

4 

8 

8 

16 

70k 

70k 

- 

W/L 

8 

8 

8 

8 

8 

8 

8 

M8 4 8 

 

5. SIMULATION RESULTS AND  

PART A: The simulation results for the basic multiplier are discussed next. Each parameter is 

numbered for clarity of the overall characterization. 

 
1. Transient analysis for the basic multiplier which is in figure 6 is done. The output is as shown  

    in figure 8.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.Transient Analysis of the Basic Gilbert cell multiplier 
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The multiplier output from the simulation result in figure 8 is 1.55v. 

This approximately equals to the output value got from equation 19.  

Hence Conversion Gain = 20 log (vout/vin)                   (21) 

                                         = 23.80dB 

 

2. Dynamic range = 20 log (vmax/vmin)      (22) 

                           = 187.23dB 

   Where vmax and vmin are maximum and minimum values of voltages given to test the output  

   of the multiplier. 

3. Noise spectral density N0 is the noise power per unit of bandwidth; that is, it is the power 

spectral density of the noise which has a dimension of power/frequency. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Noise spectral density of basic Gilbert cell multiplier 

From figure 9, the noise spectral density is 36ηv/Rt.  

4. The power consumption of the circuit is 325µW. 

5. Total Harmonic Distortion, or THD is an amplifier or pre-amplifier specification that 

compares the output signal of the amplifier with the input signal and measures the level 

differences in harmonic frequencies between the two. The difference is called total harmonic 

distortion. The maximum THD in percentage is 40.75% for an input voltage of 1.5V. The THD 

plot is as shown in the Figure 10. 
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Figure 10. THD plot of basic Gilbert cell multiplier 

PART B: The simulation results for the fully Differential four quadrant multiplier are discussed 

next. Each parameter is numbered for clarity of the overall characterization. 

1. Transient analysis for the fully differential four quadrant multiplier is as shown in Figure 11. 

 

Figure 11. Fully Differential four quadrant multiplier 

The fully differential four quadrant multiplier output is 0.65v. 

The conversion gain = 20 log (vout/vin) = 16.25dB. 

2.  Dynamic range = 20 log (vmax/vmin) 

                                  = 195.56dB 

    Where vmax and vmin are maximum and minimum values of voltages given to test the output  

    of the multiplier. 
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3. The Noise spectral density is 590ηv/Rt for the fully differential multiplier as shown in figure  

    12. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Noise spectral density of Fully Differential multiplier 

4. Power consumption of the Fully Differential multiplier is 185µW.  

5. The maximum Total Harmonic Distortion in percentage is 18.06% for an input voltage of 

    1.5V. The THD plot is as shown in the Figure 13. 

       

 

 

 

 

 

 

 

 

 

Figure 13. THD plot of Fully Differential four quadrant  multiplier 

Comparison of the results of Basic Gilbert cell multiplier and Fully differential four 

quadrant multiplier is given in the Table 3. 
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Table 3. Comparison of The Two Multipliers 

 

 

 

 

      

 

 

 

 

 

 

 

 

 

This shows that the fully differential four quadrant multiplier is more linear and has less power 

consumption as compared to basic Gilbert cell multiplier. 

PART C: Comparison plots for power consumption and THD 

1. The power consumption for the Basic Gilbert cell multiplier and fully differential four 

quadrant   multiplier are compared and is as shown in Figure 14. 

 

Figure 14. Comparison graph of power consumption of figures (6) and (7). 

 

2. The total harmonic distortion for the Basic Gilbert cell multiplier and fully differential 

four quadrant multiplier are compared and is as shown in the Figure 15.  

Parameter Name 
Basic Gilbert cell 

multiplier 

Fully Differential four 

quadrant multiplier 

Supply Voltage 

Conversion gain 

Dynamic range 

Noise spectral 

density 

Frequency of 

operation 

5V 

24.17dB 

187.23dB 

36 ηV/Rt 

 

>100MHz 

5V 

16.25dB 

195.56dB 

590 ηV/Rt 

 

>100MHz 

Power consumption 325µW 185µW 

Total harmonic 

distortion for 

1.5volt 

 

40.75% 

 

18.06% 
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The goal of this work is to come with a multiplier architecture suitable for spread spectrum time 

domain reflectometry (SSTDR) [7]. SSTDR requires a multiplier with wide linear range and low 

power consumption. Fig 15 shows that fully differential four quadrant multiplier is much linear 

compared to Gilbert cell multiplier. 

 

5. LAYOUTS 

Layouts are drawn for the Basic Gilbert cell multiplier both with IO padframe and without IO 

padframe. In basic Gilbert cell multiplier, common centroid and fingering have been used and the 

layout is as shown in Figure 16. 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Comparison graph of THD of figures (6) and (7). 

Figure 16. Common centroid layout of Basic Gilbert multiplier 
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Area without IO pad = L * W 

                                   = 66.6µm * 43.2µm = 2877.12µm
2
 

Basic Gilbert cell multiplier layout with IO pad frame is as shown in Figure 17. 

 

Figure 17. Basic Gilbert multiplier with IO padframe 

Area with IO padframe = 1498.5µm * 1498.5µm 

Fully differential four quadrant multiplier layout without IO pad frame is as shown in Figure 18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. Common centroid layout of Fully differential four quadrant  multiplier 
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Area without IO pad = L * W 

                                   = 72.6µm * 43.2µm = 3158.1µm
2
                               

Fully differential four quadrant multiplier layout with IO pad frame is as shown in Figure  19.  

 

Figure 19. Fully differential four quadrant circuit with IO pad 

For fully differential four quadrant multiplier, area with IO padframe is same as for the circuit 

shown in Figure 17. 

6. CONCLUSIONS 

In this work new multiplier architecture was compared to the widely used Gilbert cell multiplier. 

The goal of this work was to find a multiplier architecture with a wider linear range and lower 

power consumption. The Total Harmonic Distortion for the basic Gilbert cell multiplier and the 

fully differential four quadrant multiplier are 40.75% and 18.06% respectively. The power 

consumption for the basic Gilbert cell multiplier and the fully differential four quadrant multiplier 

are 325µW and 185µW respectively. Hence the proposed fully differential architecture has a 

lower Total Harmonic Distortion and power consumption than a Gilbert cell multiplier without 

much increase in chip area. Hence the fully differential four quadrant multiplier is better suited 

for SSTDR system compared to widely used Gilbert cell multiplier. 
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