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BOOSTING AMPLIFIER GAIN
WITHOUT CLIPPING SIGNAL ENVELOPE

Alok Prakash JOSHI
Gireesh RAJENDRAN

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] The present application claims the benefit of U.S. Utility Patent Application No.
14/856,964; filed September 17, 2015 and Indian Patent Application No. 3920/CHE/2015; filed

July 30, 2015, the contents of which are incorporated herein by reference in their entirety for all
purposes.

BACKGROUND

[0002] Differential amplifiers are used to amplify a differential voltage between two input

signals. Some conventional designs offer limited capability. For example, some differential
amplifier designs may have limited linear operating ranges. As a result, a linear output may only
be achievable for input signals having a narrow range of input voltages. Input signals with
varying envelopes may cause clipping of the peak output signal, which can result in non-linear
output (distortion). Distortions may create out-of-band emissions, which may interfere with
other electronic circuits. Mismatches in some components that comprise the differential

amplifier can also create errors in linearity and degrade signal gain.

SUMMARY
[0003] In accordance with aspects of the present disclosure, a circuit may include a differential
stage comprising a first transistor and a second transistor. The circuit may further include a first
bias transistor having an output terminal electrically connected to a control terminal of the first
transistor, and a second bias transistor having an output terminal electrically connected to a
control terminal of the second transistor. A first feedback network may be electrically connected
between a control terminal and the output terminal of the first bias transistor, and likewise, a
second feedback network may be electrically connected between a control terminal and the

output terminal of the second bias transistor.

[0004] In some aspects, the first and second feedback networks may alter respective

transconductances of the first and second bias transistors. In some aspects, the first and second
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feedback networks may reduce the respective transconductances of the first and second bias

transistors.

[0005] In some aspects, the first and second transistors may be NPN transistors, wherein the
output terminals of the first and second transistors are source terminals of the first and second

transistors.

[0006] In some aspects, the first and second feedback networks, each, may include a capacitive

feedback circuit. The capacitive feedback circuits may include a variable capacitor.

[0007] In some aspects, the first feedback network may include a parasitic capacitance of the
first bias transistor, and the second feedback network includes a parasitic capacitance of the

second bias transistor.

[0008] In some aspects, the first feedback network may include a capacitor electrically

connected between the control terminal and output terminal of the first bias transistor. An

impedance of the first transistor may be increased by a factor

, where C is a capacitance of

par

the capacitor and Cpar is a parasitic capacitance of the first transistor.

[0009] In some aspects, the circuit may further comprise a mixer circuit electrically connected
to the first and second differential inputs, and a power amplifier electrically connected to the first

and second differential outputs.

[0010] In some aspects, the circuit may further comprise a first current source to set a DC
operating point of the first transistor and a second current source to set a DC operating point of

the second transistor.

[0011] In accordance with aspects of the present disclosure, a method in a circuit may include
receiving first and second input signals at respective control terminals of first and second
transistors of a differential stage and providing first and second output signals at respective
output terminals of the first and second transistors. The method may further include biasing the
first transistor using a first biasing transistor and biasing the second transistor using a second

biasing transistor. The method may further include reducing a transconductance of the first
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biasing transistor and a transconductance of the second biasing transistor to increase a gain

characteristic of the differential stage.

[0012] In some aspects, reducing a transconductance of the first biasing transistor may include
providing a feedback signal between an output terminal of the first biasing transistor and a

control terminal of the first biasing transistor.

[0013] In some aspects, the method may further comprise generating the feedback signal

using a capacitive feedback network.

[0014] In some aspects, reducing a transconductance of the first biasing transistor may include
providing a feedback signal between a feedback network comprising a capacitor electrically
connected between a control terminal and an output terminal of the first bias transistor, wherein
an impedance of the first transistor is increased by a factor , where C is a capacitance of the
capacitor and Cpar is a parasitic capacitance of the first transistor. The capacitor may be a

variable capacitor.

[0015] In some aspects, the method may further comprise receiving the first and second input
signals from a mixer circuit and providing the first and second output signals to a power

amplifier.

[0016] In accordance with some aspects of the present disclosure, a circuit may include means
for receiving first and second input signals at respective control terminals of first and second
transistors of a differential stage, means for providing first and second output signals at
respective output terminals of the first and second transistors, means for biasing the first
transistor using a first biasing transistor, means for biasing the second transistor using a second
biasing transistor, and means for reducing a transconductance of the first biasing transistor and a
transconductance of the second biasing transistor to increase a gain characteristic of the

differential stage.

[0017] In some aspects, the means for reducing a transconductance of the first biasing
transistor comprises a feedback signal between an output terminal of the first biasing transistor

and a control terminal of the first biasing transistor.
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[0018] In some aspects, the means for reducing a transconductance of the first biasing

transistor may comprise a capacitive feedback network.

[0019] In some aspects, the means for reducing a transconductance of the first biasing
transistor may include a feedback network comprising a capacitor electrically connected between

a control terminal and an output terminal of the first bias transistor, wherein an impedance of the

first transistor is increased by a factor , where C is a capacitance of the capacitor and Cpar

par
is a parasitic capacitance of the first transistor. The capacitor may be a variable capacitor.
[0020] In some aspects, the circuit may further comprise a mixer circuit electrically connected

to the means for receiving first and second input signals and a power amplifier electrically

connected to the means for providing first and second output signals.

[0021] The following detailed description and accompanying drawings provide a better

understanding of the nature and advantages of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] With respect to the discussion to follow and in particular to the drawings, it is stressed

that the particulars shown represent examples for purposes of illustrative discussion, and are
presented in the cause of providing a description of principles and conceptual aspects of the
present disclosure. In this regard, no attempt is made to show implementation details beyond
what is needed for a fundamental understanding of the present disclosure. The discussion to
follow, in conjunction with the drawings, makes apparent to those of skill in the art how
embodiments in accordance with the present disclosure may be practiced. In the accompanying

drawings:

[0023] Figs. 1A, 1B, and 1C show use cases for differential amplifiers in accordance with the

present disclosure.
[0024] Fig. 2 illustrates a design for a differential amplifier.

[0025] Figs. 3 and 3A illustrate a differential amplifier design in accordance with some aspects

of the present disclosure.
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[0026] Figs. 4 and 4A illustrate a differential amplifier design in accordance with further

aspects of the present disclosure.

[0027] Figs. 5 and SA illustrate a differential amplifier design in accordance with still further

aspects of the present disclosure.

DETAILED DESCRIPTION

[0028] In the following description, for purposes of explanation, numerous examples and

specific details are set forth in order to provide a thorough understanding of the present

disclosure. It will be evident, however, to one skilled in the art that the present disclosure as
expressed in the claims may include some or all of the features in these examples, alone or in
combination with other features described below, and may further include modifications and

equivalents of the features and concepts described herein.

[0029] Fig. 1A shows an example of an electronic module 10 that may incorporate a
differential amplifier 100 in accordance with the present disclosure. In some embodiments, the
electronic module 10 may be an electronic device such as a smartphone, computer tablet, and so
on that includes various circuits and components including differential amplifier 100. In other
embodiments, the electronic module 10 may represent circuitry or components that comprise an
electronic device. Merely as an example, the electronic module 10 may be radio frequency (RF)
circuitry (e.g., a transceiver chip) that uses differential amplifier 100. As another example, the
electronic module 10 may be an automatic gain control circuit that includes differential amplifier

100, and so on.

[0030] Fig. 1B shows some naming conventions used to describe the differential amplifier 100.
In some embodiments, the differential amplifier 100 may be a fully differential amplifier. The
present disclosure will describe a fully differential amplifier configuration. However, it will be
appreciated from the discussion to follow that the present disclosure may be applicable to single-
ended output differential amplifier configurations. Continuing with Fig. 1B, in some
embodiments, the (fully) differential amplifier 100 may include differential inputs In; and In,,

and differential outputs Out; and Out,.

[0031] The differential inputs In;, In, may be connected to circuitry 12 in the electronic

module 10 represented by a current source. The circuitry 12 may provide input voltages Viy,
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Vi and input current I, , to the differential amplifier 100. The differential outputs Out;, Out,
may be connected to circuitry Rjsaq in the electronic module 10. The differential outputs Out;,

Out, may source current Loy sig t0 Rigad.

[0032] Fig. 1C shows an illustrative example of circuitry that the differential amplifier 100
may be used with. Merely as an example, differential amplifier 100 may be used in a transceiver
circuit (e.g., in electronic module 10). For example, an RF mixer 14 in the receiver portion of
the transceiver circuit may output down converted signals to be amplified by differential
amplifier 100. The output of the differential amplifier 100 may drive a power amplifier 16 to

produce a signal that can be used further upstream in the electronic module 10.

[0033] Fig. 2 shows a typical design of a differential amplifier 200. The differential amplifier
200 may include a differential stage comprising transistors Mz, My. The differential inputs In;,
In, may be electrically connected to respective transistors Mz, My, and in particular to the gates
G (control terminals) of M3, My. The differential outputs Out;, Out, may be electrically
connected to respective drains D (output terminals) of transistors M3, My. The transistor terminal

designations are identified in the inset shown in Fig. 2.

[0034] The differential amplifier 200 may include a bias transistor M; connected to the gate G
of Mj3 to bias the transistor M3. A current source 202 connected to the gate of transistor M3 may
provided a DC bias current Iiy; through bias transistor M, to set a DC operating point of M3.
Likewise, the differential amplifier 200 may include a bias transistor M, connected to the gate G
of M4. A current source 204 connected to the gate of transistor M, may provided a DC bias

current I, through bias transistor M; to set a DC operating point of M.

[0035] The differential amplifier 200 may include current sources 212, 214 connected to the
respective gates G of transistors M3, My. The current sources 212, 214 may provide a current,
sometimes referred to as bleed current, to effectively increase the gain of the differential
amplifier 200. As will be explained below, the bleed currents Ipeeqr, Ibieedz can effectively reduce
the transconductances gm;, gmj; of the bias transistors M;, M,, and hence increase the gain of the

differential amplifier 200.
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[0036] The gain of the differential amplifier 200, on the non-inverting side for example, may
be expressed in accordance with the following. A similar analysis may be applied for the

inverting side of differential amplifier 200.

1

_ out sig
]outlisig - ]outl o >
2
_ Ems
]out] - X]in] >
ml
_ Ems
]outlisig - X]m17
ml
I = ]ml _]bleedl +]in7sz’g /27 Eqn 1

where Iy gy 18 the output current at the Out, terminal,
Loun 1s the quiescent output current at the Out, terminal,
Lou sig 15 the output signal current (Fig. 1B)
Lin sig 1s the input signal current (Fig. 1B),
I 1s the current through My,
Linm 1s the DC bias current (current source 202),
Ibieed1 18 a bleed current (current source 212),
gm; is the transconductance of M, and

gm; is the transconductance of Mj.

[0037] Consider the behavior of bias transistor M, for a given DC bias current Iiy; through M;
and a given swing of input current L, /2 at input In;. As noted above, the DC bias current
through bias transistor M 1s Lini. Suppose, Lin1 1s set at 1 mA, and the signal peak of Ij, /2 s 1
mA. The current I,;; through bias transistor M; will swing from I + Ly sig/2 =2 mA to Lip; —
Iin sig/2 = 0 mA. Suppose this range of I lies within the linear operating range for bias

transistor M;.

[0038] In order to increase the gain, for example on the non-inverting side of the differential
amplifier 200, Eqn. 1 above shows this may be achieved by decreasing the transconductance gm;

of bias transistor M;. This can be conventionally accomplished by using bleed current Iyjeeq:
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from current source 212. In a typical small signal device model for bias transistor M, the
transconductance gm; is approximately proportional to the DC bias current through bias
transistor M;. By introducing Ipieeq1, the DC bias current through bias transistor M; can be

reduced by an amount (Iin; — Ipieear). The transconductance gm; of bias transistor My,

. I . -1
accordingly, can be reduced by a factor —nl_—bleedl

inl
[0039] Consider the behavior of bias transistor M| where Ipjeeqr 18 0.5Iin1. The DC bias current
through bias transistor M; becomes 0.51;,;, which will reduce the transconductance gm, by a
factor of 0.5 (as compared to not having the bleed current Iyeeq1), and hence increase the gain of
amplifier 200 by a factor of 2. Reducing the DC bias current through bias transistor M; in order
to reduce its transconductance gm;, however, shifts the DC operating point of bias transistor M.
Thus, given the same signal peak for input current L, /2 of 1 mA, the current I,; through bias
transistor M; will swing from 0.5Li; + Lin sig/2 = 1.5 mA to 0.5 — Iin sig/2 =-0.5 mA. Since the
bias transistor M; does not conduct current in the negative direction, differential amplifier 200
may exhibit signal clipping or some distortion during a portion of the input signal. A similar

analysis and conclusion may be reached for the inverting side of differential amplifier 200.

[0040] Shifting the DC operating point to reduce the transconductance gm,; affects the
response of bias transistor M, to the same input current I, sis/2, which did not show distortion at
a lower gain but exhibits distortion at a higher gain. For signals with varying envelopes,
changing the DC operating point of bias transistor M; by bleeding off current from current
source 202 to realize higher gain (on the non-inverting side) can incur a risk of clipping, which
can degrade linearity of the differential amplifier 200 and can create out-of-band emissions. In
addition, the use of the current source Iyeq1 may introduce additional noise to the differential
amplifier 200. Moreover, mismatches between the current source liy; and the current source
Ibieedr can further introduce errors in signal gain and linearity. A similar conclusion may be

reached for the inverting side of differential amplifier 200.

[0041] Fig. 3 illustrates a differential amplifier 300 in accordance with the present disclosure.
The differential amplifier 300 may include a differential stage comprising transistors M3, M.
The differential stage may include means for receiving first and second input signals. In some

embodiments, for example, the differential stage may include differential inputs In;, In;
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electrically connected to respective transistors Mz, My, and in particular to the gates G (control
terminals) of M3, My. The differential stage may include means for providing first and second
output signals. In some embodiments, for example, the differential stage may include
differential outputs Out,, Out; electrically connected to respective drains D (output terminals) of
transistors M3, My. The transistor terminal designations are identified in the inset shown in Fig.

3.

[0042] The differential amplifier 300 may include means for biasing transistor M3. In some
embodiments, for example, the differential amplifier 300 may include a bias transistor M,
connected to the gate G of Mj3 to bias the transistor M3. A current source 302 connected to the
gate of transistor M3 may provided a DC bias current Iiy; through bias transistor M; to set a DC
operating point of Ms3. Likewise, the differential amplifier 300 may include means for biasing
transistor My. In some embodiments, for example, the differential amplifier 300 may include a
bias transistor M, connected to the gate G of My. A current source 304 connected to the gate of
transistor M, may provided a DC bias current Ii» through bias transistor M, to set a DC

operating point of My.

[0043] In accordance with the present disclosure, the differential amplifier 300 may include
means for reducing a transconductance of the biasing transistor M;. In some embodiments, for
example, differential amplifier 300 may include, on the non-inverting side, a capacitive feedback
network 312 electrically connected to the bias transistor M; to provide a feedback signal (path)
312a between the source S and gate G of bias transistor M;. In some embodiments, for example,
the capacitive feedback network 312 may include a capacitor C electrically connected between
the source S and gate G of bias transistor M. The capacitive feedback network 312 may include
the parasitic capacitance Cpy, of bias transistor M. In some embodiments, the parasitic

capacitance Cpyr may be modeled by the gate capacitance of bias transistor Mj.

[0044] In accordance with the present disclosure, the differential amplifier 300 may further
include means for reducing a transconductance of the biasing transistor M,. In some
embodiments, for example, the differential amplifier 300 may further include, on the inverting
side, a capacitive feedback network 314 electrically connected to the bias transistor M; to
provide a feedback signal (path) 314a between the source S and gate G of bias transistor M,. In

some embodiments, for example, the capacitive feedback network 314 may include a feedback
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capacitor C electrically connected between the source S and gate G of bias transistor M,. The
capacitive feedback network 314 may also include a parasitic capacitance Cy,r that represents the

parasitic capacitance of bias transistor M,.

[0045] A circuit analysis of bias transistor M; reveals that the feedback signal 312a in the
circuit defined by M, and feedback network 312 yields an effective transconductance gm,' that
can be expressed by the following. A similar analysis applies to bias transistor M, and feedback

signal 314a.

C

=g Eqn. 2
gm] C gm] q

where gm,'is the effective transconductance,
gm; is the transconductance of M,
Cpar represents all the parasitic capacitances of M, and

C is the capacitance of the feedback capacitor C.

Equation 2 also defines an effective transconductance of bias transistor M;. In particular, the
feedback network 312 can reduce the transconductance of bias transistor M;. Stated differently,

the feedback network 312 can increase the resistance of bias transistor M.

[0046] Of note is that the effective transconductance gm;' of bias transistor M, is only a
function of the feedback elements that comprise the feedback network 312. Unlike differential
amplifier 200 shown in Fig. 2, the effective transconductance gm;' of bias transistor M, can be
set without having to bleed off current from current source 202. Accordingly, the effective
transconductance gm;' can be set based only on the capacitance of the feedback capacitor C
without affecting the DC bias current through bias transistor M;. The effective transconductance
gm;' can be made small to improve gain performance while at the same time avoiding additional
noise and parasitics as compared to the design shown in Fig. 2. The clipping and other non-

linear effects may be reduced as compared the design shown in Fig. 2.

[0047] Substituting the effective transconductance gm,' for gm; into Eqn. 1 yields:

gm3

]outlisig = ]outl o C x L1,

par

C gm]

10
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Lni=1,,,+1, /2 Eqn. 3

n_sig >

where  ILou sig 1S the output current at the Out; terminal,
Loun 1s the quiescent output current at the Out, terminal,
Lout sig 1s the output signal current (Fig. 1B)
Lin sig 1s the input signal current (Fig. 1B),
I is the current through My,
Lim 1s the DC bias current (current source 202),
gm; is the transconductance of M;, and

gmjs 1s the transconductance of Ms.

It

It can be seen in Eqn. 3 that the feedback capacitor C can increase the gain by a factor c
par

is noted here that the gain has been increased without changing the DC bias current through bias
transistor My; in other words, the bleed current Iyjeq; is not needed. Accordingly, the a gain
characteristic of the differential amplifier 300 can be increased without, or least with reduced,

distortion effects as compared to differential amplifier 200 in Fig. 2.

[0048] In the particular embodiment of differential amplifier 300 shown in Fig. 3, the
transistors M, M,, M3, My are N-type devices. In some embodiments, for example, the
transistors M, M,, M3, My may be bipolar NPN devices. In other embodiments, the transistors
M, M,, M3, My may be N-channel FETs, N-channel MOSFETsS, and so on. One of skill in the
art will appreciate that in other embodiments, the transistors M;, My, M3, My may be P-type
devices; e.g., bipolar PNP devices, P-channel devices (e.g., FET, MOSFET), etc. Fig. 3A, for
example, shows an embodiment of a differential amplifier 300' that uses PMOS devices Ms, Mg,
M-, Ms. Elements introduced in Fig. 3 that appear in Fig. 3A may be referenced by the same

reference numbers.

[0049] Fig. 4 illustrates a differential amplifier 400 in accordance with the present disclosure.
Elements introduced in Fig. 3 that appear in Fig. 4 may be referenced by the same reference

numbers. In accordance with some embodiments, differential amplifier 400 may include, on the

11
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non-inverting side, a capacitive feedback network 412 electrically connected to the bias
transistor M; to provide a feedback path 412a between the source S and gate G of bias transistor
M;. In some embodiments, for example, the capacitive feedback network 412 may include a
variable feedback capacitor Cy, that is electrically connected between the source S and gate G of
bias transistor M;. The capacitive feedback network 412 may include the parasitic capacitance
Cpar of bias transistor M. In some embodiments, the parasitic capacitance Cp, may be modeled

by the gate capacitance of bias transistor M;.

[0050] In some embodiments, the differential amplifier 400 may further include, on the
inverting side, a capacitive feedback network 414 electrically connected to the bias transistor M,
to provide a feedback path 414a between the source S and gate G of bias transistor M,. In some
embodiments, for example, the capacitive feedback network 414 may include a variable
feedback capacitor C electrically connected between the source S and gate G of bias transistor
M,. The capacitive feedback network 414 may include a parasitic capacitance Cp,, that

represents the parasitic capacitance of bias transistor M,.

[0051] The capacitance of variable feedback capacitor Cy,, in each capacitive feedback
network 412, 414 may be set by a respective control signal 422, 424. In some embodiments, for
example, Cy, may be set during production; e.g., via an interface (not shown) that can access the
control signals 422, 424. In other embodiments, logic (not shown) may be provided that can set

the values for Cy, in real time during operation of the differential amplifier 400.

[0052] The differential amplifier 400 may be analyzed in the same way as described above in
connection with differential amplifier 300 in Fig. 3. The feedback paths 412a, 414a respectively
provided by capacitive feedback networks 412, 414 can effectively increase the gain of
differential amplifier 400 without having to provide a bleed current as illustrated in Fig. 2.
Differential amplifier 400 can therefore realize increased gain without, or least with much

reduced, distortion effects.

[0053] In the particular embodiment of differential amplifier 400 shown in Fig. 4, the
transistors M, M,, M3, My are N-type devices. In some embodiments, for example, the
transistors M, M,, M3, My may be bipolar NPN devices. In other embodiments, the transistors

M, M,, M3, My may be N-channel FETs, N-channel MOSFETsS, and so on. One of skill in the

12
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art will appreciate that in other embodiments, the transistors M, M,, M3, My may be P-type
devices; e.g., bipolar PNP devices, P-channel devices (e.g., FET, MOSFET), etc. Fig. 4A, for
example, shows an embodiment of a differential amplifier 400' that uses PMOS devices Ms, Mg,
M-, Ms. Elements introduced in Figs. 3 and 4 that appear in Fig. 4A may be referenced by the

same reference numbers.

[0054] Fig. 5 illustrates a differential amplifier 500 in accordance with the present disclosure.
Elements introduced in Figs. 3 and 4 that appear in Fig. 5 may be referenced by the same
reference numbers. In accordance with some embodiments, differential amplifier SO0 may
include a feedback network 512 electrically connected to the bias transistor M, creating a
feedback path 512a between the source S and gate G of bias transistor M;. In some
embodiments, for example, the feedback network 512 may include a suitable network of reactive
elements 522, 524 electrically connected between the source S and gate G of bias transistor M;.
The feedback network 512 may be characterized by a feedback gain Gg,. In some embodiments,
the feedback elements 522, 524 may be reactive elements (e.g., capacitive, inductive). In other
embodiments, the feedback elements 522, 524 may be resistive elements, and in still other
embodiments, the feedback elements 522, 524 may be a combination of reactive and resistive

elements.

[0055] On the inverting side, the differential amplifier S00 may further include a feedback
network 514 electrically connected to the bias transistor M, creating a feedback path 514a
between the source S and gate G of bias transistor M,. In some embodiments, for example, the
feedback network 514 may include a suitable network of feedback elements 542, 544 electrically
connected between the source S and gate G of bias transistor M,. The feedback network 514
may be characterized by a feedback gain Gg,,. In various embodiments, the feedback elements
542, 544 may comprise reactive elements (e.g., capacitive, inductive), resistive elements, or a

combination of reactive elements and resistive elements.

[0056] It can be appreciated that the differential amplifier embodiments shown in Figs. 3 and 4
represent specific examples of the more general form of the differential amplifier 500. The gain,

for example on the non-inverting side, of differential amplifier S00 may be expressed as follows:

13
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Em
]outlisig :]out] _Gﬂ;]_SX]mb
mli
Ini=1y +1 g5/ 2, Eqn. 4

where G is the feedback gain of the feedback network 512
Loua sig 15 the output current at the Out; terminal,
Loun 1s the quiescent output current at the Out, terminal,
Iiy sig 15 the input signal current (Fig. 1B),
I is the current through My,
Lim 1s the DC bias current (current source 202),
gm; is the transconductance of M;, and

gmjs 1s the transconductance of Ms.

[0057] In the particular embodiment of differential amplifier S00 shown in Fig. 5, the
transistors M, M,, M3, My are N-type devices. In some embodiments, for example, the
transistors M, M,, M3, My may be bipolar NPN devices. In other embodiments, the transistors
M, M,, M3, My may be N-channel FETs, N-channel MOSFETsS, and so on. One of skill in the
art will appreciate that in other embodiments, the transistors M;, M, M3, My may be P-type
devices; e.g., bipolar PNP devices, P-channel devices (e.g., FET, MOSFET), etc. Fig. SA, for
example, shows an embodiment of a differential amplifier 500' that uses PMOS devices Ms, Mg,
M-, Ms. Elements introduced in Figs. 3 - 5 that appear in Fig. 5SA may be referenced by the same

reference numbers.

[0058] Advantages of a differential amplifier (e.g., 300, Fig. 3) in accordance with the present
disclosure include being able to increase the gain performance of the amplifier without
compromising its dynamic performance. The circuit design is considerably simpler. No
additional noise or parasitics are introduced at M; and M,. A differential amplifier in accordance
with the present disclosure may be suitable for radio frequency transceiver applications. The
reduced emissions makes such an amplifier suitable in cellular communication applications; e.g.,
some industry standards such as Long Term Evolution (LTE) standards have low emissions
requirements. A differential amplifier in accordance with the present disclosure can provide

increased gain performance without increasing the risk of emissions.

14



WO 2017/019541 PCT/US2016/043672

[0059] The above description illustrates various embodiments of the present disclosure along
with examples of how aspects of the particular embodiments may be implemented. The above
examples should not be deemed to be the only embodiments, and are presented to illustrate the
flexibility and advantages of the particular embodiments as defined by the following claims.
Based on the above disclosure and the following claims, other arrangements, embodiments,
implementations and equivalents may be employed without departing from the scope of the

present disclosure as defined by the claims.
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CLAIMS
What is claimed is:

1. A circuit comprising:

a differential stage comprising a first transistor having a control terminal electrically
connected to a first differential input and an output terminal electrically connected to a first
differential output, the differential stage further comprising a second transistor having a control
terminal electrically connected to a second differential input and an output terminal electrically
connected to a second differential output;

a first bias transistor having an output terminal electrically connected to the control
terminal of the first transistor;

a second bias transistor having an output terminal electrically connected to the control
terminal of the second transistor;

a first feedback network electrically connected between a control terminal and the output
terminal of the first bias transistor; and

a second feedback network electrically connected between a control terminal and the

output terminal of the second bias transistor.

2. The circuit of claim 1, wherein the first and second feedback networks alter

respective transconductances of the first and second bias transistors.

3. The circuit of claim 2, wherein the first and second feedback networks reduce the

respective transconductances of the first and second bias transistors.

4. The circuit of claim 1, wherein the first and second transistors are N-type
transistor devices, wherein the output terminals of the first and second transistors are source

terminals of the first and second transistors.

5. The circuit of claim 1, wherein the first and second feedback networks, each,

includes a capacitive feedback circuit.

6. The circuit of claim 5, wherein the capacitive feedback circuits of the first and

second feedback networks, each, includes a variable capacitor.
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7. The circuit of claim 1, wherein the first feedback network includes a parasitic
capacitance of the first bias transistor, wherein the second feedback network includes a parasitic

capacitance of the second bias transistor.

8. The circuit of claim 1, wherein the first feedback network includes a capacitor

electrically connected between the control terminal and output terminal of the first bias

transistor, wherein an impedance of the first transistor is increased by a factor , where C 18

par

a capacitance of the capacitor and Cp, 1S a parasitic capacitance of the first transistor.

0. The circuit of claim 1, wherein the circuit further comprises a mixer circuit
electrically connected to the first and second differential inputs, and a power amplifier

electrically connected to the first and second differential outputs.

10. The circuit of claim 1, further comprising a first current source configured to set a
DC operating point of the first transistor and a second current source configured to set a DC

operating point of the second transistor.

11. A method in a circuit comprising:

receiving first and second input signals at respective control terminals of first and second
transistors of a differential stage;

providing first and second output signals at respective output terminals of the first and
second transistors;

biasing the first transistor using a first biasing transistor;

biasing the second transistor using a second biasing transistor; and

reducing a transconductance of the first biasing transistor and a transconductance of the

second biasing transistor to increase a gain characteristic of the differential stage.

12.  The method of claim 11, wherein reducing a transconductance of the first biasing
transistor includes providing a feedback signal between an output terminal of the first biasing

transistor and a control terminal of the first biasing transistor.
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13.  The method of claim 12, further comprising generating the feedback signal using

a capacitive feedback network.

14.  The method of claim 11, wherein reducing a transconductance of the first biasing
transistor includes providing a feedback signal between a feedback network comprising a

capacitor electrically connected between a control terminal and an output terminal of the first

bias transistor, wherein an impedance of the first transistor is increased by a factor , Where

par

C 1s a capacitance of the capacitor and Cp, 15 a parasitic capacitance of the first transistor.
15. The method of claim 14, wherein the capacitor is a variable capacitor.

16.  The method of claim 11, further comprising receiving the first and second input
signals from a mixer circuit and providing the first and second output signals to a power

amplifier.

17. A circuit comprising:

means for receiving first and second input signals at respective control terminals of first
and second transistors of a differential stage;

means for providing first and second output signals at respective output terminals of the
first and second transistors;

means for biasing the first transistor using a first biasing transistor;

means for biasing the second transistor using a second biasing transistor; and

means for reducing a transconductance of the first biasing transistor and means for
reducing a transconductance of the second biasing transistor to increase a gain characteristic of

the differential stage.

18. The circuit of claim 17, wherein the means for reducing a transconductance of the
first biasing transistor comprises a feedback signal between an output terminal of the first biasing

transistor and a control terminal of the first biasing transistor.

19. The circuit of claim 17, wherein the means for reducing a transconductance of the

first biasing transistor comprises a capacitive feedback network.
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20. The circuit of claim 17, wherein the means for reducing a transconductance of the
first biasing transistor includes a feedback network comprising a capacitor electrically connected

between a control terminal and an output terminal of the first bias transistor, wherein an

impedance of the first transistor is increased by a factor , where C is a capacitance of the

par

capacitor and Cpy, 18 a parasitic capacitance of the first transistor.
21. The circuit of claim 20, wherein the capacitor is a variable capacitor.

22. The circuit of claim 17, further comprising:

a mixer circuit electrically connected to the means for receiving first and second input
signals; and

a power amplifier electrically connected to the means for providing first and second

output signals.
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