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. BALUN DESIGN OVERVIEW

A balun (balanced-unbalanced) circuit converts signals that are single-ended or unbalanced with respect to ground into signals
that are differential or balanced with respect to ground, and/or vice versa. An ideal balun generates a pair of differential output
signals of balanced amplitudes (0 dB gain difference) and phases (180° phase shift) from a single-ended input signal source.
Baluns can be classified as either active or passive baluns depending on the devices used. Active baluns, although unidirectional
and more complex to implement, are preferred over their passive counterparts because they can produce gain, occupy less chip
area, and can operate at higher frequencies [1-2]. One of the active balun topologies is the common-source/drain active balun
circuit shown in Fig. 1.

Fig. 1. Common-source/drain active balun circuit schematic.

The common-source/drain active balun is composed of just single transistor (M1) and is considered as the simplest topology
amongst other active balun topologies. 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 RFoutl. Ideally, these two outputs would have the same amplitude
with a phase shift of 180°. 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.

Il.  LARGE SIGNAL ANALYSIS

Large signal analysis or direct current (DC) analysis is critical in the design of complementary metal-oxide semiconductor
(CMOS) active balun circuit as it determines the operating point and the bias conditions, and eventually large signal values are
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used to find the small-signal parameters. Common-source/drain active balun is ideal for low voltage, low power radio frequency
(RF) application due to low number of stacked devices. Since the two outputs should have balanced gain or attenuation, RFout2
should adjust and thus cannot produce gain. Hence, one important goal for this active balun design is to minimize the attenuation
in outputs RFoutl and RFout2 and should be balanced with respect to the input signal RFin.

Drain current or drain-to-source current (Ips) of transistor M1 is also the total supply current that is derived from the total
power consumption of the active balun. With supply voltage Vpp = 1V, Ips could be computed in terms of the output direct
current (DC) or bias voltages V1 (or VRFoutl) and V2 (or VRFoutl) and the output loads R1 and R2.

; Vi—0 [V, —V2 ; i 1V —-V2
bs R1 R2 T s T Ry R2 @)

Assuming output loads R1 and R2 are equal to achieve a balanced response for V1 and V2 in terms of output swing, (1) could
be expressed as

Vi=1V —V¥2 2

From the expression in (1), increasing lps increases the output voltage V1, while output voltage V2 decreases with Ips. To
achieve the minimum attenuation, V1 and V2 should take into account the drain-to-source voltage (Vps) of transistor M1. This
will also maximize the output swing in RFoutl and RFout2. Ensuring that transistor M1 operates at saturation region, Vps should
be at least Vpsat Or the overdrive voltage (Vov). With supply voltage Vpp = 1V, Voy set to 200mV and with the two outputs
balanced, output voltage swings are computed as

Vog =V2—V1=2Voeyyr — V2-V1Z=02V 3)
Substituting V1 expression in (2) into (3),

V2—(1v —Vv2) = 0.2V 4

V2 =06V — 1V =V2 = 0.6V (5)
Output DC voltage V2 is computed to swing from 0.6V to 1V. Now, calculating for the output swing for V1,

V2Z-V1=1lp5 =202V —= V1=V2-02V (6)

V1= 06V —0.2V @)

Vi<04V — 04VZ=V1=0 ®)

Output DC voltage swing for V1 is calculated to range from 0V to 0.4V. As previously mentioned, V1 increases with Ipg
while V2 decreases with Ips. To maximize the output swing in RFoutl and RFout2, output DC voltages V1 and V2 should have
values median to their output range in (8) and (5), respectively. This would also safeguard transistor M1 to operate at saturation
region with Vps of at least 200mV, while varying Ips. The optimized values for output DC voltages V1 and V2 are given as

Vi=02V 9)
V2= 0.8V (10)

With threshold voltage (V) set to 400mV, Voy set to 200mV, V1 set to 0.2V, and Vps > VDsatr =Voy, input bias voltage
could be determined.

Vps = Vig =V, = Vpeur =  (Vjy — 0.2V) — 0.4V = 0.2V (11)
Vyy = 0.8V (12)

With input DC voltage (V) set to 0.8V, it could swing from maximum 1V to 0.6V. Maximum input voltage is set to align
with the supply voltage (Vpp) which is at 1V.

Drain current (Ips) of transistor M1 is also the total current that is derived from the total power consumption of the active
balun. Using the square-law equation for the Ips in (13), transconductance (g.,) could be computed.

ulC, . W .
IDSZT?[VGS_VEJ_(l-l-AVDSj (13)
81, w
Hm = 51{'}5‘ = F{CaxT[VGE - V;_][]_ + ‘A’VDSJ (14)
W
Om = F{Co.rf U{w -V - ri)(1 +*1V55] (15)

Substituting Ips from (13) into g, in (14),
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Gm = = = =——== (16)
Ves  (Vos — V) Voy v (Vi —V1—-1.)
2
Im _ gmoverld = (%))
Ips U'{r,w; - - *rﬂgm-)

Proper DC input bias should be observed to realize good efficiency in terms of gmoverld. It can also be observed that the
gmoverld is affected by the load resistance R1. For low power design, higher gmoverld is recommended [2-3]. As initially
assumed, Voy is set 200mV for minimum attenuation and/or maximum voltage swing in outputs RFoutl and RFout2 with respect
to the input signal RFin. With this, circuit efficiency gmoverld could be estimated as

Gm _
Ine 200mV

It can be noted that to maintain the efficiency for low power consumption, lowering Ips would also mean lowering gp,.
Transistor sizing depends on the target power consumption and likewise Ips, thus, affecting g,. Transconductance (g.,) is a key
parameter that eventually determines the voltage gain of the active balun.

Resistors R1 and R2 could be determined given the setup for minimum attenuation and maximum voltage swing in the two
outputs.

=10v1 (18)

_vi_oa2v Vop —V2 _ 02V

= (19)
Ips Ips Ips Ipg
To have a balanced attenuation in the two outputs, R1 should be equal to R2. With V1 and V2 set to the optimum value and
Vpp Set to 1V, decreasing the supply current (which is equal to Ips) would increase the value of R1 and R2. Large resistor values
contribute to more noise and parasitics. Since the active balun is targeted for low power consumption, tradeoff between drain
current Ips and resistor values is inevitable.
Transistor dimensions, particularly the transistor gate width (W), could be approximated with values inputted in the square-
law model in (13) or in the expanded expression in (20).
ucC, . W ,
Ips = 5 ?[(L’:_W—L"]_]—L’r]'[l +A(v2—-v1)] (20)
Supply current (Ips) dictates the transistor gate width (W). Increasing the supply current will require larger transistor width.
As mentioned in the earlier section, larger W would result to a larger transistor gate area which in turn increases the parasitic
capacitances and noise. Thus, design tradeoff for supply current Ips and transistor sizing is also inherent.
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