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I. OVERVIEW 

The common-source/drain active balun is composed of just single transistor M1 as shown in Fig. 1 and is considered as the 

simplest topology amongst other active balun configurations. The input signal is fed into the gate of the transistor. Normal 

operation results in an inverted output signal at RFout2 and a non-inverted signal at RFout1. Ideally, these two outputs would 

have the same amplitude with a phase difference of 180º. Load resistors R1 and R2 determine the output voltages as well as the 

voltage gains of the two output signals with respect to the input signal.  

 

 
Fig. 1. Schematic diagram of common-source/drain active balun. 

 

Common-source topology exhibits a relatively high input impedance while providing voltage gain and requiring a minimal 

voltage headroom.  Common-drain topology or source-follower, on the other hand, is occasionally employed as level shifters or 

buffers, impacting the overall frequency response. It also exhibits high input impedance. With the two topologies merged to 

function as an active balun, common-drain will dominate the response on the overall voltage gain or attenuation because of the 

feedback effect of load resistor R1 with respect to the input.   

II. SMALL-SIGNAL ANALYSIS 

It is important to analyze the alternating current (AC) response or frequency response of the active balun to determine 

maximum frequency of operation and the effective bandwidth of the designed circuit. This is to ensure that the designed active 

balun would normally produce gain or attenuation at the desired frequency of operation, which is at 5.8GHz.   

Shown in Fig. 2 is the common-source/drain high frequency small-signal equivalent circuit driven by a finite source resistance 

(Rs). Inherent capacitances are identified, with parasitic capacitances Csb and Cdb integrated into load capacitances C1 and C2, 

respectively. 
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Fig. 2. Common-source/drain active balun high frequency small-signal circuit. 

 

The bulk is assumed to be connected to the lowest power-supply voltage, which is the ground. Therefore, the bulk voltage (vb) 

is constant and equal to zero.  As a result, vbs (not shown) changes when the output changes because the source node in connected 

to V1 or the RFout1, and the gmb generator is active in general. 

Obtaining the exact transfer function is necessary to determine the poles and estimate the effective frequency of operation of 

the active balun from KVL around the input loop, with Rs shorted to let vg = vin, 

 

 
(1) 

 

With the output RFout1 open circuited, i1 = 0, and doing KCL at node s, 

 

 

(2) 

 

With vb = 0, vs = vout1, and drain-to-source resistance (ro) → ∞, (2) becomes 

 

 

(3) 

 
(4) 

 

Voltage gain for RFout1 could now be determined. 

 

 

(5) 

 

(6) 

 

Voltage gain Av1 depends on the load resistor R1 as well as on the effective transconductance of the transistor.  Increasing R1 

with constant current would increase the source voltage or the voltage drop in R1, therefore, increasing threshold voltage (V t) of 

the transistor.  The change in threshold voltage is due to the body effect which is inherent when the voltage between the source 

and the substrate or bulk (Vsb) is not zero.  This could affect the condition for saturation and the voltage headroom of the 

transistor. Hence, there is a limit in the effectiveness of increasing R1 to improve the voltage gain Av1.   

From the expression in (6), the pole could be determined as 

 

 

(7) 
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Assuming 1/R1 negligible, the pole could be approximated to be 

 

 
(8) 

 

The pole is dependent on the effective transconductance of the transistor and the output load capacitance.  To maximize the 

bandwidth, load capacitance C1 should be minimized and the transconductance gm should be increased.  With gm + gmb = 22mS 

and load capacitance C1 = 33.33fF derived from W/L = 40µm/0.1µm of succeeding circuit block which is the mixer, the pole 

could be estimated as 

 

 

(9) 

 

For the other output part, deriving the transfer function of vout2 with respect to vin, KCL is done at node s with output RFout2 

open circuited, i2 = 0.  

  

 

(10) 

 

Substituting vg = vin with Rs = 0, and ro → ∞, 

 

 

(11) 

 
(12) 

 

(13) 

 

From KCL at node d with R2 shorted,  

 

 
(14) 

 
(15) 

 

Substituting vs from (13) into (15), and ro → ∞, 

 

 
(16) 

 

(17) 

 

Solving for the equivalent transconductance Gm,  

 

 

(18) 

 

(19) 
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To compute for the voltage gain Av2 of RFout2, that is vout2 with respect to vin, 

 

 

(20) 

 

(21) 

 

(22) 

 

Expanding (22), 

 

 

(23) 

 

(24) 

 

Voltage gain Av2 could be simplified as, 

 

 

(25) 

 

Where 

 

 (26) 

 (27) 

 

It can be observed that Av2 depends on the resistors R1 and R2 and also on the effective transconductance gm + gmb of the 

transistor. The bulk or body transconductance (gmb) is typically 0.1 to 0.3 times the value of gm.  It can be noted that the transfer 

function is of second order with dominant capacitors, C1 and C2.  From the expressions in (24-25), the pole could be solved by 

quadratic formula, or could be estimated at 

 

 

(28) 

 

(29) 

 

Assuming 1/R1 negligible, with (gm + gmb)*C2*R2 << 1, and R1 ≈ R2, the pole could be approximated to be 

 

 
(30) 

 

The pole is dependent on the effective transconductance of the transistor and the output load capacitances. To maximize the 

bandwidth, load capacitances C1 and C2 should be minimized and the transconductance gm should be increased.   

With gm + gmb = 22mS and load capacitances C1 = 33.33fF and C2 = 33.33fF, the pole could be estimated as 
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(31) 

 

Letting s = 0, voltage gains Av1 and Av2 from (6) and (25), respectively, could be estimated or simplified.  This also neglects 

the effects of the capacitances in the circuit. Shown in Fig. 3 is the common-source/drain active balun small-signal simplified 

model. It is also noted that input of the common-source/drain active balun is connected to the gate of transistor M1, thus input 

resistance (Ri) → ∞. 

   

 
Fig. 3.  Common-source/drain active balun low frequency small-signal circuit. 

 

Voltage gains Av1 and Av2 could be simplified as follows: 

 

 

(32) 

 

(33) 

 

As illustrated, Av1 depends on output load R1 and effective transconductance gm + gmb of the transistor, and Av2 depends on 

the resistors R1 and R2 and gm + gmb of the transistor.  Equating the two equations of voltage gains in (32) and (33) in order to 

have a balanced gain or attenuation in the two outputs, R2 should be equal to R1. It would then be necessary to determine the 

proper value for R1 = R2 to minimize the attenuation of the two outputs with respect to the input, with all other conditions taken 

into account for the circuit design.  Also worth noting is that increasing R1 with constant current would increase the source 

voltage or the voltage drop in R1, therefore increasing threshold voltage (Vt) of the transistor. The change in threshold voltage is 

due to the body effect which is inherent when the voltage between the source and the substrate or bulk (Vsb) is not zero. This 

could affect the condition for saturation and the voltage headroom of the transistor. Hence, there is a limit in the effectiveness of 

increasing R1 to improve the voltage gains Av1 and Av2.   

Although common-source-drain active balun has a simple topology, tradeoffs in device parameters are inevitable in attaining 

the balanced gain for the two output nodes. From (32) and (33) for Av1 and Av2, gmb assumed to be 0.1gm, ro neglected, and with 

the equation for gmoverId and R1, the minimum balanced attenuation could be estimated as 

 

 

(34) 

 

(35) 

 
(36) 
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To approximate the value of the resistors R1and R2, computed value for the voltage gain expressions in (32-33) could be used. 

Setting |Av1| = |Av2| = 0.5, 

 

 

(37) 

 

Substituting gm in terms of IDS with VOV = 200mV, resistors R1 and R2 become 

 

 

(38) 

 

For low power design, tradeoff between the supply current and resistor values is unavoidable. Voltage gain performance 

would also be affected with changes in IDS. With low supply current, voltage attenuation could be minimized by increasing the 

resistor value. As the resistor value goes high, the voltage gain approaches unity. But increasing the resistor value would also 

contribute to larger noise and more parasitics. Lower resistor value increases the cutoff frequency or the pole location, and the 

circuit bandwidth, consequently. With this, there is a limit in the effectiveness of optimizing the supply current and the output 

loads to minimize noise, minimize power consumption, increase the circuit bandwidth, and improve the voltage gain performance 

of the active balun design. 

Transconductance gm of the transistor is affected by the transistor width size W. Increasing gm also increases the cutoff 

frequency (fT), hence transistor sizing directly affects the fT performance or the circuit bandwidth. However, larger W means more 

chip area which in turn increases the parasitic capacitances. At higher frequencies, the parasitic capacitances present a low-

impedance path to the radio frequency (RF) signals causing the deviation in the ideal operation of the transistor.  This will affect 

the performance of the transistor when amplifying signals at high frequencies.  In addition, increasing gm with W contributes more 

noise to the circuit, which will be discussed on a separate paper. 
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