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Distributed Biasing of Differential RF Circuits

Wael M. Fathelbab, Member, IEEE, and Michael B. Steer, Fellow, IEEE

Abstract—A distributed balun is presented as an alternative
to inductor-based biasing of active differential circuits. The
new scheme has broad bandwidth with low loss and is suited
to broad-band multifunctional RF and microwave circuits.
Additionally, the distributed biasing circuit discriminates be-
tween differential and common-mode signals leading to high
common-mode rejection. Measured gains, centered at 580 MHz,
of a selected pseudodifferential amplifier using the new biasing
circuit confirm the underlying theory.

Index Terms—Balun, broad-band biasing, differential amplifier.

1. INTRODUCTION

ADIO-FREQUENCY (RF) circuits commonly utilize

differential signal paths with the benefit of noise immu-
nity and reduced sensitivity to component variations. On-chip
RF power amplifiers are often pseudodifferential where the
common current source typically used in fully differential
circuits is sacrificed to enable a larger voltage swing (see
Fig. 1). Here, the inductors present high RF impedance to the
transistors (represented as transconductances), while providing
a low-impedance path for bias currents. With a sufficiently
high-@ inductor, RF energy is delivered to the load rather
than being dissipated in the bias circuitry. With the relatively
low @ of on-chip planar inductors [1], inductance peaking
near self-resonance is utilized and this leads to narrow-band
operation. Thus, in critical situations, off-chip inductors are
sometimes used in conjunction with on-chip active devices.
In addition, inductive biasing of pseudodifferential circuits
presents the same environment to common- and differen-
tial-mode signals so that the common-mode rejection ratio
(CMRR) is one.

This paper presents a biasing scheme for broad-band pseu-
dodifferential circuits leading to high CMRR. The biasing cir-
cuitry consists of a coupled-line structure analogous to that of
a Marchand balun [2] (see Fig. 2). The balun structure is com-
prised of transmission lines connected to a pair of coupled lines
that normally transforms a single-ended impedance at port 1 to
a balanced output at ports 3 and 4. The capacitors in Fig. 2 are
purely for miniaturization purposes [3], [4] since the distributed
transmission lines are quarter-wavelength long at a frequency
well above the passband of the balun. In Section II, the validity
of the Marchand balun structure as a biasing circuit is investi-
gated and analysis of the even- and odd-mode impedances of
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Fig. 1. Pseudodifferential circuit without a constant-current source, bias
inductors L at the drains, parasitic supply resistance Rp p, and single-ended
load impedance Rp,.
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Fig. 2. Marchand balun-like biasing circuit with single-ended load resistance
R, (dc bias may be applied at ports b using decoupling capacitors).

the balanced ports is presented. Practical implementations are
presented in Section III.

II. ANALYSIS AND DESIGN

Here, the design equations of a class of distributed differen-
tial biasing circuits are developed based on coupled resonator
theory. In Section II-A, the equations describing the CMRR are
first developed, as maximizing the CMRR in pseudodifferential
circuits is a key design objective. The subsequent design equa-
tions enable the design of the biasing-circuit network with spec-
ified characteristics.

0018-9480/04$20.00 © 2004 IEEE
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Fig. 3. Modal sub-circuits of the inductor-based biasing circuit of Fig. 1

including single-ended load resistance Ry, .

A. Conventional Biasing

Multifunctional systems require broad-band circuits and, for
differential circuits, this requires large differential gain A4. At
the same time, it is desirable to minimize the common-mode
gain A., as the resulting high CMRR provides immunity to
substrate induced noise. With transistor transconductance
gm, and total even- and odd-mode impedances Zgygn and
Zopp presented to the drains of the transistors, the gains are
approximately

Aiq = gmZopp and A = g ZEVEN 9]
and, thus,

Ad  Zopp
CMRR = — = ——.
A.  Zgven

2)

Thus, the desired amplifier characteristics are obtained by syn-
thesizing the even- and odd-mode impedances.

Modal analysis of the inductor biasing circuit results in Fig. 3,
from which the total even-mode impedance is

R
Zrven(s) = <SL + %) //RL 3)

where s is the Laplace operator (// indicates a parallel connec-
tion) and the total odd-mode impedance is

ZODD<S) = SL//RL (4)

Thus, unless the inductance is very large, there will be a strong
frequency variation of Zopp and Zgven. Since Rpp is often
negligible, the CMRR is also one. In the differential-mode,
the gain is maximized over a broad frequency band for a
specific single-ended load impedance Rj;. However, if the
common-mode gain has prescribed frequency characteristics,
then the CMRR will be inversely proportional to the even-mode
impedance. Thus, low even-mode impedance of the biasing
network is desirable, as this suppresses common-mode noise.
This defines a vital design objective of the new biasing circuit.

B. New Design Based on Analogy to Coupled Resonators

Coupled resonator structures are appropriate topology
choices that present different impedances for the common-
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Fig. 4. Coupled lumped-element bandpass resonators. (a) Single resonator
coupled into by an inverter. (b) Pair of resonators coupled by inverters.

and differential-mode signals. In essence, bias is also a
common-mode signal and must be accommodated in the
chosen topology. A class of appropriate topologies is based
on a lumped bandpass resonator coupled into by the inverter
K, shown in Fig. 4(a). The inverter element is an idealized
component that is independent of frequency and can be approx-
imated by a quarter-wavelength-long transmission line, as well
as by various other circuit configurations [5]. At resonance,
the bandpass resonator presents an open circuit and, following
impedance inversion, the input impedance of the network is a
short circuit. This is then the kind of network required to be
presented to the common-mode signals. The second part of the
network synthesis problem is a creation of the high-impedance
condition for differential-mode signals. Again, we will consider
this issue separately. Fig. 4(b) illustrates a pair of bandpass
resonators coupled by inverters. At resonance, the input
impedance of the network is infinite. This is because the high
impedance of resonator 2 transforms to a short circuit after the
second inverter K, and this subsequently appears as an open
circuit at the input of the network. Thus, by adding an extra
resonator, another topology suitable for the differential-mode
operation is derived. If a load is now connected in parallel with
this network, then at resonance, this will be the total impedance
presented to the output transistors of the pseudodifferential
amplifier. In summary, presenting different impedances for
common- and differential-mode signals is desired. It is shown
in Section II-C that the Marchand balun structure has the
requisite properties.

C. Distributed Biasing

Consider now the topology of the Marchand balun of Fig. 2
with the balanced ports 3 and 4 connected to the output of the
pseudodifferential circuit. The aim here is to show that this
topology has the requisite even- and odd-mode impedances.
Performing modal analysis at the balanced ports, the modal
sub-networks of Fig. 5 are obtained. In analyzing this structure,
we shall make use of the network model of pair of coupled lines
in a homogeneous media [6] (shown in Fig. 6). Direct applica-
tion of the network model and application of the relevant port
conditions, dictated by the modal sub-networks of the biasing
circuit at point X, simplifies the equivalent sub-networks of
Fig. 5 to those of Fig. 7. Application of the relevant Kuroda
transformation [5] to distribute the inductance in Fig. 7(c)
results in the transformed sub-circuits of Fig. 7(d). Scrutiny in
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Fig. 5. Modal sub-networks of the balun-like biasing circuit of Fig. 2 with
single-ended load resistance R; (assuming negligible power supply source
impedance Rpp).
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Fig. 6. Pair of symmetrical coupled lines in homogenous media. (a) Physical
layout. (b) Equivalent-network model with N = (Z,e + Z00)/(Zoe — Zoo)-

Fig. 7(b) and (d) reveals that they are, in fact, analogous to the
lumped-element coupled resonator examples discussed earlier.
The major differences are that the transmission lines replace
the inverters and the additional resistor R, represents the loss
associated with each capacitor. In the distributed domain, each
inductor or capacitor also represents a short- or open-circuited
stub, respectively, which is a quarter-wavelength long at
the frequency f,. The open-circuited stubs may, however,
be approximated by lumped capacitors for miniaturization
purposes. Thus, over the operating band, the performance of
the even- and odd-mode sub-circuits is very close to their
lumped-element counterparts. In summary, centered at a
frequency f,, the structure of the Marchand balun maximizes
differential power delivery to the load while minimizing the
gain of common-mode signals. DC bias may easily be applied
through the short-circuited ports (labeled b in Fig. 2) with the
usage of decoupling capacitors. The mathematical formulations
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for the total even- and odd-mode impedances with lumped
capacitors are derived from Fig. 7(b) and (c) as follows:

N1S% + N,S

Zevex(S) =
EVEN(S) D152 1 DyS + Dy (%)

with coefficients

Ny =j (222, Zi7fCRL)

Ny =Z\RpZot + Z4 Ry,

Dy = (Z1Ry) +j (2247 fCZy)

D, = (th + Zotzl) +j(2Zu R fCZy)

Ds =7,.R;,
and

N15% + N5S2 + N3 S
Zopp(S) - 2 & 6)

T D153+ D352 + D3S + Dy
with coefficients

N, =Z%R1 7,

Ny=j (2Z2Z3tRL7rfCZ1)

N3 =717y Zo Ry, + Z2Z% Ry,

D, =7%7,

Dy = (Z1ZaRy, + Z1 ZowRy) + § (222227 fC 1)

Dy = (ZoZnZh + Z2Z2,) + § (2Z2 Zoym fCZ1 RL)

Dy=275Z,Ry.
In (5) and (6), S is the Richards transform [5] defined as
jtan(0) = jtan((w/2) (f/f,)), and f, is the frequency at
which the distributed lines of the balun are a quarter-wave-

length long. In the above equations, Z,; is the characteristic
impedance of the uncoupled transmission lines, while

\ Zeroo
7z = )

1 Zoe - Zao 2
Zoe + Zoo

and

\/ 1 ( Z oe Z 00 ) 2
' B ZOE + ZOO
Zy = V ZoeZoo )
Zoe - Zoo
ZOE + ZOO
with Z,. and Z,, being the even- and odd-mode impedances
of the coupled lines forming the balun. The total even- and
odd-mode impedances presented to the pseudodifferential ac-

tive circuit are, in general, complex and, thus, may be written in
the following notation:

®

| Zeven(S)| = \/§R{Z1~:V]~:N(S)}2 + %{ZEVEN(S)}2 9)
|Zopp(9)] = \/§R{ZODD(S)}2 +3{Zonn(9)}".

Hence, the procedure of determining the circuit parameters of
the new biasing circuit is fairly simple. Suitable choices of the
characteristic impedances Z; and Z5 solve (7) and (8) for the
even- and odd-mode characteristic impedances Z,. and Z,,,

(10)
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Fig. 7.  Equivalent sub-circuits of Fig. 5: (a) utilizing the network model, (b) even-mode sub-circuit, (¢) odd-mode sub-circuit, and (d) odd-mode sub-circuit after
the Kuroda transformation with Z; = 1/Z,. and Zs = (Zoe — Zo0) | (2Z0e Z o).

respectively. Selection of the characteristic line impedance Z,;
together with choice of capacitance value C' fully determines
(5) and (6). The magnitudes of the total even- and odd-mode
impedance functions may then be evaluated using (9) and (10).
The commensurate length of the transmission lines will be de-
termined by the value of C'. Zero capacitance results in the lines
being a quarter-wavelength long at the center of the operating
band, otherwise miniaturization of the lines is feasible. An ex-
ample that shows the overall characteristics of the magnitudes of
the even- and odd-mode impedances without lumped capacitors
is depicted in Fig. 8 for a range of single-ended load resistances
Rr.

D. Discriminative Operating Bandwidth

The operating bandwidth of the balun is defined at the
crossover frequencies where

|Zevex(S)| = [Zopp(S)] - (11)

At the crossover frequency points (see Fig. 8), the CMRR of
the pseudodifferential circuit is one and the balun has a similar
performance to that of the nondiscriminative inductor-based
biasing circuit. For a certain choice of circuit parameters, the
frequency points at which the even- and odd-mode impedances
crossover may be altered facilitating adjustment of the dis-
criminative bandwidth. This is demonstrated in Fig. 9 through
a set of examples using the design procedure described in
Section II-C. It is worth emphasizing that the total even- or
odd-mode impedance of (5) or (6) is the impedance of the input
of the balun in parallel with the single-ended load resistance
Ryp. This implies that, in order for the pseudodifferential circuit
to deliver its power to the load, it is necessary that the output
signal at each arm sees the correct impedance. Of course,
there will only be a perfect match at the center of the band
(since the input balun impedance is then infinite), but not at the
crossover frequency points. However, a slight mismatch will
only degrade the transfer of power slightly and is, therefore,
acceptable. Fig. 8 illustrates this argument for a 50-) system
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Fig. 8. Calculated magnitudes of the total even- and odd-impedances for a
range of single-ended load resistances with circuit parameters Z,. = 208 (2,
Zoo =51Q,Z,, =137Q,and C = 0 pF.
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Fig. 9. Calculated magnitudes of the total even and odd impedances for an
infinite single-ended load resistance R, with the following circuit parameters:
Afi: Zoe = 15732Q, Z,, = 58450, 7Z,, = 908, C = 0 pF, Afs:
Zoe = 205.36 Q, Z,, = 47.820,2Z,, =100Q,C = 0pF, Af5: Z,. =
307.26Q, Z,, =22.24Q,7,, =80Q,C = 0pF.

for a particular choice of balun circuit parameters. In this
example, the magnitudes of the total even- and odd-mode
impedances at the crossover frequencies are approximately
43 Q). However, for a 100-Q2 system, it is obvious (see Fig. 8)
that the impedance levels are much lower than 100  at the
crossover frequencies, causing a big mismatch that need to be
compensated for by adjusting the element values of the balun.
Generally, the higher the system impedance, the higher the
coupling required between the coupled lines of the balun.

E. Effect of Loss on Distributed Biasing

The remaining and most crucial design parameter to be dis-
cussed is the effect of loss of the transmission lines forming the
distributed biasing circuit. The circuit () will be affected by sub-
strate and conductor losses, but mostly by the loss associated
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with the lumped capacitors if circuit miniaturization is desired.
Modification of the total even- and odd-mode impedances to
take into account the effect of substrate, conductor, and capac-
itor loss R, leads to

N1S? + N,S
VA S) = 12
evex(S) D1 5% + D,S + D (12)
with coefficients
N1 = (Z%,Z1R1) + j (224, Z1m fCRLRC)
Ny =Z Ry ZotRe + Z2 R Re
Dy = (ZiRiRe + Z%,2) + j (2247 fCZ1 Re)
Dy = (Z4Rc + ZuZ1Re + ZuwZ1Ry)
+ J (ZZOtRLﬂ'fCZLRc‘)
D3 =Z,RiRc
and
N1S3 + N5S2% + N3S
Zobp(S) 107 a0 (13)

T D153+ D352 + D3S + Dy

with coefficients

N1 =Z%R1Z1 Rc

No = (RpZ2Z2,Z1) + j (22222, Ry fCZ1 Rc)

N3 = Z1 %3 Zot RLRe + Z2 2}, R Re

D, =Z%7Z Rc

Dy = (Z1Z>RLRc + Z1Za R Re + 22,71 Z5)
+j (222237 fCZ1Rc)

Dy = (Z2Z0Z\Re + ZoZ2 Re + Z1Z2Zt Ry)
+ 5 (2Z2Zum fCZ1RLRC)

Dy =2ZyZRLRc.

Now S is the general Richards transform [7], defined as
tanh (a4 j60) = tanh(a+j(7/2)(f/f,)) and « is the
attenuation constant in nepers/meter. With no miniaturization
capacitors (i.e., C = 0, R. = o0) and a finite value of «,
the same circuit parameters that generated the plots of Fig. 8
are now fed back into the modified equations (12) and (13)
from which their magnitudes are evaluated using (9) and (10).
Fig. 10 highlights the effect of parasitic loss present. This plot
assumes infinite single-ended load impedance, i.e., it represents
the input impedances of the balun itself. The effect of loss
manifests itself as a degradation of the magnitudes of the even-
and odd-mode impedance levels. At resonance, the odd-mode
impedance is very high, but finite, and likewise, the opposite
is true for the even-mode impedance. These impedances,
in parallel with the single-ended load impedance, directly
impact the achievable CMRR of the system and also lower the
differential power transfer to the next stage. However, the plots
of Fig. 10 assumed no capacitors for miniaturization purposes.
Normally lumped capacitors will possess finite () that will
further deteriorate the CMRR and reduce power delivery to
the next stage. This point is demonstrated by measurements in
Section III.
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Fig. 10. Calculated magnitudes of lossy even and odd impedances for an
infinite single-ended load resistance R ;, with circuit parameters Z,. = 208 €2,
Zoo =51Q,2,, =137Q,C =0pF,anda = 0.2 N/m.

III. EXPERIMENTAL RESULTS

A balanced power amplifier (HELA-10B) from Mini-Cir-
cuits,! with a gain of 10 dB was selected for experimental
proof of principal. The chip is powered by a single +12-V
dc power supply via a pair of external lumped inductors
and consists of a pair of amplifiers in a pseudodifferential
amplifier configuration. As the amplifiers are on the same chip,
their gains and phase are well matched. The amplifier has an
excellent second-order intercept of 88 dBm and is suitable for
broad-band operation from 50 MHz to 1 GHz in a 50-€2 system.
A number of distributed biasing circuits were implemented and
integrated with the pseudodifferential amplifier. The design
objective was to achieve broad-band bandwidth of 1.5:1 high
odd-mode and low even-mode RF bias circuit impedances.

A. Conventional Biasing

The amplifier was tested first with the conventional inductor-
based biasing circuit. A pair of high-Q lumped inductors of
value 0.75 pH was used and the circuit tested in both the dif-
ferential and common modes. The measured common- and dif-
ferential-mode gains are 10 and 9.5 dB, respectively, as shown
in Fig. 11(a). The 0.75-1H inductors present very high reactance
of approximately 2.3 k{2, at the center of the band. The inductor
values chosen in this example contrast what can be achieved
on an RF integrated circuit (RFIC) due to the lower achievable
values of spiral inductors and their inherent narrow-band op-
eration due to the self-resonant restraint. However, Fig. 11(a)
demonstrates the most vital point about the nondiscriminatory
bandwidth produced using the conventional inductor-based bi-
asing scheme.

B. Distributed Biasing Without Miniaturization Capacitors

To verify the properties of the new biasing circuit, the Marc-
hand balun structure with a center frequency of 580 MHz was
designed. The optimized balun parameters are Z,. = 208 (2,

IMini-Circuits HELA-10B, 50-MHz-1-GHz amplifier.
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Fig. 11. Measured common-mode gain A, and differential-mode gain A4:

(a) with an inductor-based biasing circuit with lumped inductors of 75 ¢H and
(b) with a balun-like biasing circuit without lumped capacitors with circuit
parameters Z,. = 2082, Z,, =51Q, 7, = 137Q, and tan 6 = 0.016.

Zoo = 018, Z,y = 137 Q, and C = 0 pF. The even- and
odd-mode impedances were calculated based on a choice of
Zy1 = 129.5 Q and Z5 = 222.92 Q from (5)-(10). By referring
to Fig. 8, it is seen that when the single-ended load impedance
is 50 €2, the magnitude of the total odd-mode impedance is
desirably flat over the specific frequency band. This represents
optimum power transfer to the load in a 50-2 system. The
HELA-10B chip was integrated with the balun on an FR4
printed circuit board with a substrate thickness of 6.2 mil
(0.157 mm), relative dielectric constant of 4.7, and loss tangent
of 0.016. The above impedances were then converted into
physical dimensions using a commercial computer-aided de-
sign (CAD) tool? and the final circuit optimized. The resulting
coupled lines were found to be 7-mil (0.177 mm) wide, 7-mil
apart, and 3031-mil long. The transmission lines connecting the
output ports of the RF chip to the coupled lines were 7-mil thick
and 3031-mil long. The differential- and common-mode gains
are shown in Fig. 11(b). While the differential-mode gain mea-
sured over 10 dB over a flat part of the band, the common-mode
gain dipped to —10 dB at the expected resonant frequency.
Thus, the device now differentiates between the common- and
differential-mode signals over part of the operating bandwidth.

2Advanced Design System (ADS), Agilent Technol., Palo Alto, CA, 2003.
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Fig. 12. Measured common-mode gain A. and differential-mode gain A4: (a)
with a miniaturized balun-like biasing circuit using high-@) lumped capacitors
with circuit parameters Z,. = 208 2, Z,, = 51 Q, Z,, = 137Q,C =
5.6 pF, R. = oo, and tand = 0.016 and (b) with miniaturized balun-like
biasing circuit using high-() lumped capacitors loaded with resistors with circuit
parameters Z,. = 208, Z,, =51Q,7,, =137Q,C =56 pF, R. =
1.2 k€2, and tané = 0.016.

The measured bandwidth, defined as (Af/f,), is 34% of the
resonant frequency 580 MHz, i.e., 1.4 : 1 bandwidth.

C. Distributed Biasing With Miniaturization Capacitors

Another design with the same layout dimensions as in (B)
was implemented still operating at 580 MHz. The transmission
lines were resonant at 3 x 580 = 1740 MHz. This yields a re-
duction in overall size by a factor of three with C' = 5.6 pF.
In Fig. 12(a), the measured response (with high-Q) capacitors:
@ = 400) is depicted. It is worth investigating the effect of
loading the capacitors with resistors, as this drops their () s. This
was done with the thought in mind that the lumped capacitors
could be replaced using tunable components to improve overall
system functionality. Thin-film barium strontium titanate (BST)
capacitors has recently shown great promise for the construc-
tion of high-frequency microwave components [8]. The @ of an
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on-chip BST capacitor ranges from 30 to 40. Fig. 12(b) illus-
trates the gains after loading the lumped capacitors with resis-
tors to drop their )5 to approximately 30. This gives an idea of
the effect of loss associated with the capacitors on the system
performance. It is obvious from Fig. 12 that the loss degrades
the performance of the circuit. In the case of high-Q) capaci-
tors, the measured differential-mode gain is 10 dB. However,
the common-mode gain is hardly affected and notches at the ex-
pected resonant frequency to —10 dB. In the case of low-Q) ca-
pacitors, the common-mode gain only notches to 0 dB and the
differential gain reduces from 10 to 9 dB, as expected from the
theory. The measured bandwidth in the two cases is 31% of the
resonant frequency of 580 MHz, i.e., 1.36: 1 bandwidth. This
demonstrates the effect of loss, as discussed in Section II.

It is also observed from the measured gains of Fig. 12 that
the common-mode gain does not notch exactly at the center of
the operating band, as was the case without lumped capacitors
[see Fig. 11(b)]. This implies that the frequency at which the
odd-mode impedance of the balun peaks to a maximum is dif-
ferent from the frequency at which its even-mode impedance is a
minimum. This conflict arises due to the addition of lumped ca-
pacitors that cause asymmetry in the characteristics of the even-
and odd-mode impedances. This may be resolved by fine tuning
of the lumped capacitors and optimization of the rest of the cir-
cuit elements of the equivalent even- and odd-mode sub-circuits
of the balun structure.

IV. CONCLUSION

A new distributed biasing circuit has been introduced that
replaces conventional biasing using inductors. The physical
structure comprises transmission lines and a pair of identical
coupled lines in the form of a Marchand balun. The circuit is in-
herently discriminatory in behavior against the common-mode
signals generally originating as substrate noise. This discrimi-
nation yields a finite CMRR. However, the differential-mode
gain remains, to a great extent, unaffected by the presence of
loss in the biasing circuit over a broad frequency range. Possible
implementation of this new biasing scheme either on an RFIC
or off-chip in the package will greatly improve the overall
system performance and eliminates the low-() narrow-band
spiral inductors. The distributed biasing-circuit parameters are
fairly straightforward to calculate utilizing expressions based
on filter principals to obtain a class of desired impedance
functions. Experimental data has successfully verified the
theory behind the usage of the balun as a viable biasing circuit.
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