wo 2014/018935 A1 |1 NF 1 0O AR A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(43) International Publication Date

30 January 2014 (30.01.2014) WIPO I PCT

(10) International Publication Number

WO 2014/018935 Al

(51) International Patent Classification:
HO3F 1/02 (2006.01) HO3F 3/30 (2006.01)
HO3F 3/21 (2006.01) HO3F 3/345 (2006.01)

(21) International Application Number:
PCT/US2013/052405

(22) International Filing Date:
26 July 2013 (26.07.2013)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
61/676,083 26 July 2012 (26.07.2012) US
13/793,933 11 March 2013 (11.03.2013) US

(71) Applicant: QUALCOMM INCORPORATED [US/US];
Attn: International IP Administration, 5775 Morehouse
Drive, San Diego, California 92121 (US).

(72) Inventor: DHANASEKARAN, Vijayakumar; 5775
Morehouse Drive, San Diego, California 92121 (US).

(74) Agent: HOOKS, William M.; Attn: International IP Ad-
ministration, 5775 Morehouse Drive, San Diego, Califonia
92121 (US).

(81) Designated States (uniess otherwise indicated, for every

(84)

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

[Continued on next page]

(54) Title: LOW VOLTAGE MULTI-STAGE AMPLIFIER

(57) Abstract: A low voltage mul-

FIG. 3 ti-stage amplifier (306) is described.
- — The low voltage multi-stage amplifier
Vdd_rx 339 e Low Voltage Mulli-Stage Amplifier 306 Stﬁgfg‘fﬂ (306) includes one or more prior stages
> -_— ]/ 312 (310, 312). The low voltage multi-stage
Current ! | ' amplifier (306) also includes a supply
'V””Or-//:—a: M3 l M3 stage (314). The low voltage nul-
335 341‘3 ! ti-stage amplifier (306) further includes
| i an output stage (316) that operates with
| a supply voltage as low as a sum of a
' threshold voltage of a first transistor
| | (347) in the output stage (316) and a
SlrjputI | | T i saturation voltage of a second transistor
:',)goréa | | | (344) of the supply stage (314). The
| | ' ! supply stage (314) supplies the output
l | tage (316).
o | S [T | © Vo i stage (316)

0 | | L \1|_< 320 |

— | | 343 343p Hasad i

'Gontrol 1 i

| EVoItage |_ I :i \”_ i

| | ! VetP M4 i: i

v 322a i 1

' n M1 1

| 337 | i 344 b 246 i

— — 141 50 3500 i} |

! Control Voltage / M5 ) |

Vneg_reg ! O\r;crt?\l 332296 345 vneg vg!n '

: |

340
338 Damping Stage_/_I ----------------------------- !

GmD 314




WO 2014/018935 A1 |IWANT 00T A0 0T A

— as to the applicant's entitlement to claim the priority of Published:
the earlier application (Rule 4.17(iii)) —  with international search report (Art. 21(3))




WO 2014/018935 PCT/US2013/052405

o1-

LOW VOLTAGE MULTI-STAGE AMPLIFIER

Claim of Priority under 35 U.S.C. §119
[0001] The present Application for Patent claims priority to Provisional Application No.
61/676,083 entitled “LOW VOLTAGE CLASS-AB OPAMP” filed July 26, 2012, and assigned

to the assignee hereof and hereby expressly incorporated by reference herein.

TECHNICAL FIELD

[0002] The present disclosure relates generally to electronic communications. More
specifically, the present disclosure relates to systems and methods for a low voltage multi-stage

amplifier.

BACKGROUND

[0003] Wireless communication systems are widely deployed to provide various types of
communication content such as voice, video, data, and so on. These systems may be multiple-
access systems capable of supporting simultaneous communication of multiple wireless
communication devices with one or more base stations.

[0004] Wireless communication devices are typically powered by batteries. As the
functionality of wireless communication devices becomes more complicated, so has the desire
for wireless communication devices to maximize battery life. By reducing the power
consumption of a wireless communication device, the battery life may be increased. One way to
reduce power consumption is to use more efficient amplifiers within wireless communication
devices. For example, amplifiers that use lower supply voltages may be more efficient than
amplifiers that use higher supply voltages. Benefits may be realized by an amplifier that uses

lower supply voltages while still providing the necessary gains.

SUMMARY
[0005] A low voltage multi-stage amplifier is described. The low voltage multi-stage

amplifier includes multiple prior stages. The low voltage multi-stage amplifier also includes a
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supply stage. The low voltage multi-stage amplifier further includes an output stage that operates
with a supply voltage as low as a sum of a threshold voltage of a first transistor in the output
stage and a saturation voltage of a second transistor of the supply stage. The supply stage
supplies the output stage.

[0006] The supply stage may also operate as a damping stage. The low voltage multi-stage
amplifier may also include biasing circuitry that sets quiescent current for proper operation of the
output stage via the supply stage. The biasing circuitry may include a replica current stage, a
minimum selector and an error amplifier. The replica current stage may provide a first bias
voltage and a second bias voltage to the minimum selector. The minimum selector may provide
a determined voltage to the error amplifier. The error amplifier may control the supply stage that
sets a quiescent current of the output stage.

[0007] The determined voltage may be an average of the first bias voltage and the second
bias voltage if the first bias voltage and the second bias voltage are within a minimum selector
transistor saturation voltage of each other. The determined voltage may be the smaller of the first
bias voltage and the second bias voltage if the first bias voltage and the second bias voltage are
not within the minimum selector transistor saturation voltage of each other. The error amplifier
may output a first control voltage and a second control voltage to the supply stage.

[0008] The first transistor may be a p-channel transistor and the second transistor may be an
n-channel transistor. A source of the first transistor may be coupled to a variable positive supply
voltage. A gate of the first transistor may be coupled to a drain of the second transistor. A
source of the second transistor may be coupled to a variable negative supply voltage.

[0009] The multiple prior stages may include a first stage and a second stage. The first stage
may receive an input signal. An output of the first stage may be coupled to the second stage. An
output of the second stage may be coupled to the output stage. The output stage may output an
output signal. Additional bias current may not be needed to support the supply stage since
current in the second stage is recycled. The low voltage multi-stage amplifier may be a class-G
amplifier or a class-H amplifier. The low voltage multi-stage amplifier may be configured to
match supply voltages of the output stage to an output signal of the output stage. The output

stage may operate with supply voltages of +/- .45 volts.
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[0010] A method for amplification is also described. An input signal is obtained. The input
signal is amplified using a low voltage multi-stage amplifier. The low voltage multi-stage
amplifier includes multiple prior stages. The low voltage multi-stage amplifier also includes a
supply stage. The low voltage multi-stage amplifier further includes an output stage that operates
with a supply voltage as low as a sum of a threshold voltage of a first transistor in the output
stage and a saturation voltage of a second transistor of the supply stage. The supply stage
supplies the output stage.

[0011] An apparatus is described. The apparatus includes means for obtaining an input
signal. The apparatus also includes means for amplifying the input signal that include multiple
prior stages, a supply stage and an output stage that operates with a supply voltage as low as a
sum of a threshold voltage of a first transistor in the output stage and a saturation voltage of a
second transistor of the supply stage. The supply stage supplies the output stage.

[0012] A computer-program product configured for amplifying an input signal is also
described. The computer-program product includes a non-transitory computer-readable medium
having instructions thereon. The instructions include code for causing a low voltage multi-stage
amplifier to obtain an input signal. The instructions also include code for causing the low
voltage multi-stage amplifier to amplify the input signal. The low voltage multi-stage amplifier
includes multiple prior stages, a supply stage and an output stage that operates with a supply
voltage as low as a sum of a threshold voltage of a first transistor in the output stage and a
saturation voltage of a second transistor of the supply stage. The supply stage supplies the output

stage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] Figure 1 is a block diagram illustrating a low voltage multi-stage amplifier;

[0014] Figure 2 is a block diagram illustrating a low voltage multi-stage amplifier for use in
the present systems and methods;

[0015] Figure 3 is a circuit diagram illustrating a low voltage multi-stage amplifier for use in

the present systems and methods;
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[0016] Figure 4 is a circuit diagram of biasing circuitry for use in the present systems and
methods;
[0017] Figure 5 is a circuit diagram of an error amplifier;
[0018] Figure 6 is a circuit diagram of a minimum selector;
[0019] Figure 7 is a flow diagram of a method for amplification using a low voltage multi-
stage amplifier; and
[0020] Figure 8 shows part of a hardware implementation of an electronic device/wireless

device that uses a low voltage multi-stage amplifier.

DETAILED DESCRIPTION

[0021] Figure 1 is a block diagram illustrating a low voltage multi-stage amplifier 106. The
low voltage multi-stage amplifier 106 may be a class-AB amplifier, a class G amplifier, a class H
amplifier, a rail switching amplifier, or an amplifier with an infinitely variable supply rail. The
low voltage multi-stage amplifier 106 may be an op-amp, a power amplifier or a distribution
amplifier. By adjusting power supply rails in an amplifier 106, the power consumption of the
amplifier 106 may be reduced (since the power supply rails are only providing the minimum
amount of voltage required for input signals to avoid distortion).

[0022] The low voltage multi-stage amplifier 106 may include multiple amplification stages.
For example, the low voltage multi-stage amplifier 106 may include a first stage Gm1 110, a
second stage Gm?2 112, a damping stage GmD 114 and an output stage Gm3 116. The multiple
amplification stages may allow the low voltage multi-stage amplifier 106 to amplify an input
signal 108 and generate an amplified output signal 120 with minimal distortion and minimal
power consumption. The first stage Gm1 110 may be a telescopic amplifier.

[0023] Class-B amplifiers may amplify only half of the wave cycle of an input signal 108. At
the expense of increased distortion, class-B amplifiers have high efficiency (because the
amplifying element of a class-B amplifier is switched off half the time), resulting in reduced
power consumption. By using complementary pairs, multiple class-B amplifiers may be used to
amplify both halves of an input signal, thereby reducing the distortion. However, complementary

pairs of class-B amplifiers may suffer from crossover distortion, where increased distortion is
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experienced when one of the class-B amplifiers is turning off and another class-B amplifier is
turning on.

[0024] One way to eliminate crossover distortion is the use of class-AB amplifiers. In class-
AB amplifiers, each device may amplify half of the signal and conduct a small amount during the
other half (rather than shutting off). The amount of distortion is dependent on the standing
current through both devices when there is no signal (referred to as the quiescent current). The
quiescent current is directly dependent on the bias voltage. A class-AB amplifier has a lower
efficiency than a class-B amplifier but has increased linearity.

[0025] Class-G and class-H amplifiers enhance class-AB output stages by obtaining
increased efficiency without increasing the distortion. In class-G amplifiers, rail switching is
used to increase the efficiency. In rail switching, different supply voltages may be used to
accommodate the swings in the output signal 120. Typically, rail switching is used in the output
stage Gm3 116, since the output stage Gm3 116 experiences the largest output current and can
thus obtain the largest increases in efficiency. For class-G amplifiers, multiple discrete supply
voltages may be used. For class-H amplifiers, infinitely variable supply voltages may be used
(by matching the supply voltage to the output signal 120). Matching the supply voltage to the
output signal 120 may sometimes be referred to as envelope tracking.

[0026] The low voltage multi-stage amplifier 106 may include biasing circuitry 118. The
biasing circuitry 118 may set the quiescent current of the output stage Gm3 116, thereby
supplying the minimum headroom required for proper operation of the output stage Gm3 116.
The biasing circuitry 118 may provide control voltages to the output stage Gm3 116 through the
damping stage GmD 114 that are dependent on the output signal 120, allowing the output stage
Gm3 116 to operate with minimal supply voltage (operation down to +/- .45 volts (V)). By
operating the output stage Gm3 116 with the minimal supply voltage, the power consumption of
the low voltage multi-stage amplifier 106 may be reduced.

[0027] Figure 2 is a block diagram illustrating a low voltage multi-stage amplifier 206 for
use in the present systems and methods. The low voltage multi-stage amplifier 206 of Figure 2
may be one configuration of the low-voltage multi-stage amplifier 106 of Figure 1. The low

voltage multi-stage amplifier 206 may include biasing circuitry 218, a first stage Gml 210, a
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second stage Gm?2 212, a damping stage GmD 214 and an output stage Gm3 216. The first stage
Gml 210 may receive an input signal Vi 208 and output a voltage VO1 221. The voltage VOI1
221 may be provided to the input of the second stage Gm2 212. The second stage Gm?2 212 may
output a voltage VO2 224. The voltage VO2 224 may be provided to an input of the output stage
Gm3 216. The output stage Gm3 216 may output an output signal VO 220. The output of the
output stage Gm3 216 may be coupled to ground via a load capacitor CL 229.

[0028] The output of the first stage Gm1 210 may also be coupled to a capacitor CC 226.
The capacitor CC 226 may be coupled to both a resistor Rc 228 and a capacitor Cc2 227 in
parallel. The resistor Rc 228 and the capacitor Cc2 227 may be coupled to the output of the
output stage Gm3 216.

[0029] The output of the second stage Gm2 212 may also be coupled to the output of the
output stage Gm3 216 via a capacitor CD2 230. The output of the second stage Gm2 212 may
further be coupled to an output of the damping stage GmD 214. The output of the second stage
Gm?2 212 may also be coupled to an input of the damping stage GmD 214 via a capacitor CD
225.

[0030] The biasing circuitry 218 may output control voltages VB 222. The output of the
biasing circuitry 218 may be coupled to the input of the damping stage GmD 214 via a resistor
RB 223. Additional feedback (not shown) to the biasing circuitry 218 may also be used to
facilitate the generation of the proper control voltages VB 222. As discussed above, the control
voltages VB 222 passed through the resistor RB 223 and the damping stage GmD 214 may
generate the proper quiescent current needed for operation of the output stage Gm3 216.

[0031] The impedance from the output of the damping stage GmD 214 towards the damping

1
stage GmD 214 may be approximated by a capacitor Ceql 231 coupled to a resistor Rl = ——

GmD
232 that is coupled to the negative supply voltage. The impedance from the output of the

damping stage GmD 214 towards the output of the low voltage multi-stage amplifier 206 may be
CL
Gm3C D2

approximated by a capacitor Ceq2 233 coupled to a resistor R2 = 234 that is

coupled to the negative supply voltage. The damping circuit formed by the damping stage GmD
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214, the resistor RB 223 and the capacitor CD 225 emulates a damping resistance of

|
Rl = and an equivalent blocking capacitance of Cegl = GmD * RB * CD .

GmD

[0032] Figure 3 is a circuit diagram illustrating a low voltage multi-stage amplifier 306 for

use in the present systems and methods. The low voltage multi-stage amplifier 306 may include
a first stage Gm1 310, a second stage Gm2 312, a damping stage GmD 314, an output stage Gm3
316 and a current mirror 335. The control voltages VctP 322a and VctN 322b may be provided
from biasing circuitry 118.

[0033] The first stage Gm1 310 may receive the input signal 308. The first stage Gm1 310
may be coupled to the positive supply voltage Vdd_rx 339 and the negative supply voltage
Vneg_reg 338. The positive supply voltage Vdd_rx 339 may be a 1.8 V analog supply (that does
not vary according to the output signal 320). The negative supply voltage Vneg_reg 338 may be
a fixed small —ve voltage (e.g., -0.3 V). The output of the first stage Gm1 310 may be coupled to
the second stage Gm?2 312. The current mirror 335 may include a p-channel transistor 341, a p-
channel transistor M3 342a and a p-channel transistor M3’ 342b. The source of the p-channel
transistor 341 may be coupled to Vdd_rx 339. The gate of the p-channel transistor 341 may be
coupled to the drain of the p-channel transistor 341. The drain of the p-channel transistor 341
may also be coupled to the drain of an n-channel transistor 337. The source of the n-channel
transistor 337 may be coupled to Vneg_reg 338. The gate of the n-channel transistor 337 may be
coupled to the output of the first stage Gm1 310. A capacitor Cc 336 may be coupled between
the output of the first stage Gm1 310 and the output signal Vo 320.

[0034] The source of the p-channel transistor M3 342a and the source of the p-channel
transistor M3’ 342b may each be coupled to Vdd_rx 339. The gate of the p-channel transistor
M3 342a and the gate of the p-channel transistor M3’ 342b may each be coupled to the gate of
the p-channel transistor 341. The second stage Gm2 312 may include the current mirror 335 and
the n-channel transistor 337.

[0035] The damping stage GmD 314 provides the necessary damping for the low voltage
multi-stage amplifier 306. The damping stage GmD 314 may also be reused as a current source

for the second stage Gm2 312. The damping stage GmD 314 may also be referred to as a supply
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stage. The damping stage GmD 314 may include a first resistor 350a, a second resistor 350b, an
n-channel transistor M4 344, an n-channel transistor M5 3435, a first capacitor 343a and a second
capacitor 343b. The gate of the n-channel transistor M4 344 may be coupled to the control
voltage VctP 322a via the first resistor 350a. The gate of the n-channel transistor M5 345 may be
coupled to the control voltage VctN 322b via the second resistor 350b. The control voltage VctP
322a and the control voltage VctN 322b may be provided by the bias circuitry described below in
relation to Figure 4. The control voltage VctP 322a through the first resistor 350 and the control
voltage VctN 322b through the second resistor 350b may set the quiescent current needed for
proper operation of the output stage Gm3 316.

[0036] The drain of the n-channel transistor M4 344 may be coupled to the drain of the p-
channel transistor M3 342a of the second stage Gm2 312. The drain of the n-channel transistor
M4 344 may also be coupled to the gate of the n-channel transistor M4 344 via the first capacitor
343a. The source of the n-channel transistor M4 344 may be coupled to a variable negative
supply voltage Vneg 340. The drain of the n-channel transistor MS 345 may be coupled to the
drain of the p-channel transistor M3’ 342b of the second stage Gm2 312. The drain of the n-
channel transistor M5 345 may also be coupled to the gate of the n-channel transistor M5 345 via
the second capacitor 343b. The source of the n-channel transistor M5 345 may be coupled to the
variable negative supply voltage Vneg 340. No additional bias current is needed to support the
damping stage GmD 314, since the current in the second stage Gm2 312 is recycled.

[0037] The output stage Gm3 316 may include a p-channel transistor M2 347 and an n-
channel transistor M1 346. The source of the p-channel transistor M2 347 may be coupled to a
variable positive supply voltage Vpos 352. The drain of the p-channel transistor M2 347 may be
coupled to the drain of the n-channel transistor M1 346. The drain of the p-channel transistor M2
347 may also be coupled to the output signal Vo 320. The gate of the p-channel transistor M2
347 may be coupled to the drain of the n-channel transistor M4 344 of the damping stage GmD
314. The gate of the p-channel transistor M2 347 may also be coupled to the output signal Vo
320 via a third capacitor 343c. The voltage vgp 348 at the gate of the p-channel transistor M2
347 may be provided to the biasing circuitry 118.
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[0038] The source of the n-channel transistor M1 346 may be coupled to the variable
negative supply voltage Vneg 340. The gate of the n-channel transistor M1 346 may be coupled
to the drain of the n-channel transistor M5 345 of the damping stage GmD 314. The gate of the
n-channel transistor M1 346 may also be coupled to the output signal Vo 320 via a fourth
capacitor 343d. The voltage vgn 349 at the gate of the n-channel transistor M1 346 may be
provided to the biasing circuitry 118.

[0039] The minimum headroom required for proper operation of the low voltage multi-stage

amplifier 306 is Vpos —Vneg > Vgsyro +Vdsatyy 4, where Vgsyy is the voltage from the

gate to the source of the p-channel transistor M2 347 and Vdsat 4 is the minimum voltage

from the drain to the source of the n-channel transistor M4 344 required to meet saturation
operation (and thus prevent the n-channel transistor M4 344 from operating in the triode region).
This allows for advanced compensation. The control voltage VctP 322a and the control voltage
VctN 322b ensure proper operation of the low voltage configuration formed by M1 346, M2 347
and M4 344.

[0040] Figure 4 is a circuit diagram of biasing circuitry 418 for use in the present systems
and methods. The biasing circuitry 418 of Figure 4 may be one configuration of the biasing
circuitry 118 of Figure 1. The biasing circuitry 418 may include a replica current stage 482, a
minimum selector 459 and an error amplifier 460. The replica current stage may generate a first
bias voltage 458a and a second bias voltage 458b.

[0041] The replica current stage 482 may include a first p-channel transistor 455a, a second
p-channel transistor 455b, a p-channel transistor M2/N 457, an n-channel transistor 454 and an n-
channel transistor M1/K 453. The size of the p-channel transistor M2/N 457 may be the size of
the p-channel transistor M2 347 of the output stage Gm3 316 divided by an integer N. The size
of the n-channel transistor M1/K 453 may be the size of the n-channel transistor M1 346 of the
output stage Gm3 316 divided by an integer K.

[0042] The source of the first p-channel transistor 455a and the source of the second p-
channel transistor 455b may each be coupled to the positive rail voltage Vdd_rx 439. The gate of
the first p-channel transistor 455a may be coupled to the gate of the second p-channel transistor

455b. The gate of the first p-channel transistor 455a may also be coupled to the drain of the first
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p-channel transistor 455a. The gate of the first p-channel transistor 455a may further be coupled
to the drain of the n-channel transistor 454.

[0043] The gate of the n-channel transistor 454 may be coupled to a voltage vb 451. The
voltage vb 451 may be an arbitrary voltage used to set the drain voltage of the n-channel
transistor M1/K 453. 1t is desired to set the voltage vb 451 such that the drain voltage of the n-
channel transistor M1/K 453 is close to the output voltage at zero signal condition (e.g., at 0 V).
The source of the n-channel transistor 454 may be coupled to the drain of the n-channel transistor
MI1/K 453. The gate of the n-channel transistor M1/K 453 may be coupled to a voltage vgn 449.
The voltage vgn 449 may be the voltage vgn 349 of Figure 3. The source of the n-channel
transistor M1/K 453 may be coupled to the variable negative supply rail Vneg 440.

[0044] The drain of the second p-channel transistor 455b may be coupled to the variable
negative supply voltage Vneg 440 via a resistor 456a. The voltage at the drain of the second p-
channel transistor 455b may be the first bias voltage 458a.

[0045] The source of the p-channel transistor M2/N 457 may be coupled to a variable
positive supply rail Vpos 452. The gate of the p-channel transistor M2/N 457 may be coupled to
a voltage vgp 448. The voltage vgp 448 may be the voltage vgp 348 of Figure 3. The drain of
the p-channel transistor M2/N 457 may be coupled to the variable negative supply rail Vneg 440
via a resistor 456b. The voltage at the drain of the p-channel transistor M2/N 457 may be the
second bias voltage 458b.

[0046] Both the first bias voltage 458a and the second bias voltage 458b may be provided to
the minimum selector 459. The minimum selector 459 may output a determined voltage Vdet
461. The determined voltage Vdet 461 may be the average of the first bias voltage 458a and the
second bias voltage 458b, if the first bias voltage 458a and the second bias voltage 458b are close
(i.e., less than the saturation voltage of the transistors used in the minimum selector 459 (referred
to as a minimum selector transistor saturation voltage)). If one of the bias voltages 458 is much
larger than the other bias voltage 458 (for example, when a class-AB amplifier is driving high
current), the minimum selector 459 may output the smaller bias voltage 458 as the determined
voltage Vdet 461. The minimum selector 459 is discussed in additional detail below in relation

to Figure 6.
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[0047] The determined voltage Vdet 461 may be provided to an error amplifier 460. The
error amplifier 460 may compare the selected bias voltage 458 (i.e., the determined voltage Vdet
461) with a reference voltage Vref 462 to set the control voltage VctP 422a and the control
voltage VctN 422b based on negative feedback. The error amplifier 460 may thus output the
control voltage VctP 422a and the control voltage VctN 422b. The error amplifier 460 is
discussed in additional detail below in relation to Figure 5.

[0048] Figure 5 is a circuit diagram of an error amplifier 560. The error amplifier 560 of
Figure 5 may be one configuration of the error amplifier 460 of Figure 4. As discussed above,
the error amplifier 560 may compare the bias voltage Vdet 561 with a reference voltage Vref 562
to set the control voltages VctP 522a and VctN 522b. The error amplifier 560 may thus control
the quiescent current of the output stage Gm3 116 (which is controlled by a differential output).
The error amplifier 560 may also control the second stage Gm2 112 bias current (which is
controlled by a common mode output via a common mode feedback (CMFB) stage). The error
amplifier 560 may be source degenerated to control the transconductance (gm) and the stability
of the error amplifier 560 loop.

[0049] The error amplifier 560 may include a first p-channel transistor 563a, a second p-
channel transistor 563b, a third p-channel transistor 563c, a fourth p-channel transistor 563d, a
first n-channel transistor 564a, a second n-channel transistor 564b, a third n-channel transistor
564c and a fourth n-channel transistor 564d. The error amplifier 560 may also include a resistor
565 and a capacitor 566. The body of each of the p-channel transistors 563a-d may be coupled to
the positive supply rail Vdd_rx 539. The body of each of the n-channel transistors 564a-d may
be coupled to the variable negative supply rail Vneg 540 to bias each of the n-channel transistors
S564a-d.

[0050] The source of the first p-channel transistor 563a and the source of the second p-
channel transistor 563b may each be coupled to the positive supply rail Vdd_rx 539. The gate of
the first p-channel transistor 563a may be coupled to the gate of the second p-channel transistor
563b. The drain of the first p-channel transistor 563a may be coupled to the drain of the second

p-channel transistor 563b. The drain of the first p-channel transistor 563a may also be coupled to
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the source of the third p-channel transistor 563c. The drain of the second p-channel transistor
563b may also be coupled to the source of the fourth p-channel transistor 563d.

[0051] The gate of the third p-channel transistor 563c and the gate of the fourth p-channel
transistor 563d may each be coupled to a bias saturation voltage 567. The bias saturation voltage
657 is a ground voltage (or other voltage) that is used to bias the cascode transistors 563c-d to
operate in the saturation region. The drain of the third p-channel transistor 563c may be coupled
to the drain of the first n-channel transistor 564a. The voltage at the drain of the third p-channel
transistor 563c may be the control voltage VctP 522a. The drain of the fourth p-channel
transistor 563d may be coupled to the drain of the second n-channel transistor 564b. The voltage
at the drain of the fourth p-channel transistor 563d may be the control voltage VctN 522b.

[0052] The gate of the first n-channel transistor 564a may be coupled to the voltage Vdet
561. The voltage Vdet 561 of Figure 5 may be the voltage Vdet 461 of Figure 4. The gate of the
second n-channel transistor 564b may be coupled to the reference voltage Vref 562. The voltage
Vref 562 of Figure 5 may be the voltage Vref 462 of Figure 4. The source of the first n-channel
transistor 564a may be coupled to source of the second n-channel transistor 564b via the resistor
565. The source of the first n-channel transistor 564a may also be coupled to the source of the
second n-channel transistor 564b via the capacitor 566. The source of the first n-channel
transistor 564a may further be coupled to the drain of the third n-channel transistor 564c. The
source of the second n-channel transistor 564b may be coupled to the drain of the fourth n-
channel transistor 564d. The gate of the third n-channel transistor 564c¢ and the gate of the fourth
n-channel transistor 564d may each be coupled to a reference signal nref 568. The reference
signal nref 568 may be provided from the common mode feedback (CMIB) amplifier that sets
the common mode voltage of the control voltage VctP 522a and the control voltage VctP 522b.
The source of the third n-channel transistor 564c and the source of the fourth n-channel transistor
564d may each be coupled to the variable negative supply rail Vneg 540.

[0053] Figure 6 is a circuit diagram of a minimum selector 659. The minimum selector 659
of Figure 6 may be one configuration of the minimum selector 459 of Figure 4. As discussed
above, the minimum selector 459 may receive a first bias voltage 658a and a second bias voltage

658b. The minimum selector 659 may then output an average of the bias voltages 658 (if the
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bias voltages 658 are close) as the voltage Vdet 661 or the smaller bias voltage 658 (if one bias
voltage 658 is much larger than the other bias voltage 658) as the voltage Vdet 661. In other
amplifier designs, the minimum selector 659 was embedded in the amplifier and could not be
used in complex multi-stage topology.

[0054] The minimum selector 659 may include a first p-channel transistor 673a, a second p-
channel transistor 673b, a third p-channel transistor 673c and a fourth p-channel transistor 673d.
The body of each of the p-channel transistors 673a-d may be coupled to the positive supply rail
Vdd_rx 639 to bias each of the p-channel transistors 673a-d. The source of the first p-channel
transistor 673a may be coupled to the positive supply rail Vdd_rx 639. The gate of the first p-
channel transistor 673a may receive a voltage pref 674. The drain of the first p-channel transistor
673a may be coupled to the source of the second p-channel transistor 673b. The gate of the
second p-channel transistor 673b may receive a voltage pricas 675. The voltages pref 674 and
prfcas 675 may be set such that the p-channel transistors 673 and 673d are biased with the proper
currents.

[0055] The drain of the second p-channel transistor 673b may be coupled to the source of the
third p-channel transistor 673c and to the source of the fourth p-channel transistor 673d. The
voltage at the drain of the second p-channel transistor 673b may be the bias voltage Vdet 661
output by the minimum selector 659. The drain of the third p-channel transistor 673c and the
drain of the fourth p-channel transistor 673d may each be coupled to the variable negative supply
rail Vneg 640. The gate of the third p-channel transistor 673c may be coupled to the variable
negative supply rail Vneg 640a via a resistor 656a (i.e., the resistor 456a). The gate of the third
p-channel transistor 673c may also be coupled to the first bias voltage 658a. The gate of the
fourth p-channel transistor 673d may be coupled to the variable negative supply rail Vneg 640
via a resistor 656b (i.e., the resistor 456b). The gate of the fourth p-channel transistor 673d may
also be coupled to the second bias voltage 658b.

[0056] Figure 7 is a flow diagram of a method 700 for amplification using a low voltage
multi-stage amplifier 106. The method 700 may be performed by the low voltage multi-stage
amplifier 106. The low voltage multi-stage amplifier 106 may receive 702 an input signal 108.

The low voltage multi-stage amplifier 106 may amplify 704 the input signal 108 using a first
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stage Gm1 110 to obtain a voltage VO1 221. The low voltage multi-stage amplifier 106 may
amplify 706 the voltage VO1 221 using a second stage Gm?2 112 to obtain a voltage VO2 224.
[0057] The low voltage multi-stage amplifier 106 may generate 708 a control voltage VctP
322a and a control voltage VctN 322b for an output stage Gm3 116 using biasing circuitry 118.
The low voltage multi-stage amplifier 106 may provide 710 the control voltage VctP 322a and
the control voltage VctN 322b to the output stage Gm3 116 via a damping stage GmD 114. The
low voltage multi-stage amplifier 106 may amplify 712 the voltage VO2 224 using the output
stage Gm3 116 to obtain an output signal 120.

[0058] Figure 8 illustrates certain components that may be included within an electronic
device/wireless device 801 that uses a low voltage multi-stage amplifier 106. The electronic
device/wireless device 801 may be an access terminal, a mobile station, a wireless
communication device, a user equipment (UE), a base station, a Node B, a handheld electronic
device, etc. The electronic device/wireless device 801 includes a processor 803. The processor
803 may be a general purpose single- or multi-chip microprocessor (e.g., an ARM), a special
purpose microprocessor (e.g., a digital signal processor (DSP)), a microcontroller, a
programmable gate array, etc. The processor 803 may be referred to as a central processing unit
(CPU). Although just a single processor 803 is shown in the electronic device/wireless device
801 of Figure 9, in an alternative configuration, a combination of processors (e.g., an ARM and
DSP) could be used.

[0059] The electronic device/wireless device 801 also includes memory 805. The memory
805 may be any electronic component capable of storing electronic information. The memory
805 may be embodied as random access memory (RAM), read-only memory (ROM), magnetic
disk storage media, optical storage media, flash memory devices in RAM, on-board memory
included with the processor, EPROM memory, EEPROM memory, registers, and so forth,
including combinations thereof.

[0060] Data 807a and instructions 809a may be stored in the memory 805. The instructions
809a may be executable by the processor 803 to implement the methods disclosed herein.
Executing the instructions 809a may involve the use of the data 807a that is stored in the memory

805. When the processor 803 executes the instructions 809a, various portions of the instructions
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809b may be loaded onto the processor 803, and various pieces of data 807b may be loaded onto
the processor 803.

[0061] The electronic device/wireless device 801 may also include a transmitter 811 and a
receiver 813 to allow transmission and reception of signals to and from the electronic
device/wireless device 801. The transmitter 8§11 and receiver 813 may be collectively referred to
as a transceiver 815. An antenna 817 may be electrically coupled to the transceiver 815. The
electronic device/wireless device 801 may also include (not shown) multiple transmitters,
multiple receivers, multiple transceivers and/or multiple antennas.

[0062] The electronic device/wireless device 801 may include a digital signal processor
(DSP) 821. The electronic device/wireless device 801 may also include a communications
interface 823. The communications interface 8§23 may allow a user to interact with the electronic
device/wireless device 801.

[0063] The various components of the electronic device/wireless device 801 may be coupled
together by one or more buses, which may include a power bus, a control signal bus, a status
signal bus, a data bus, etc. For the sake of clarity, the various buses are illustrated in Figure 9 as
a bus system 819.

[0064] The techniques described herein may be used for various communication systems,
including communication systems that are based on an orthogonal multiplexing scheme.
Examples of such communication systems include Orthogonal Frequency Division Multiple
Access (OFDMA) systems, Single-Carrier Frequency Division Multiple Access (SC-FDMA)
systems, and so forth. An OFDMA system utilizes orthogonal frequency division multiplexing
(OFDM), which is a modulation technique that partitions the overall system bandwidth into
multiple orthogonal sub-carriers. These sub-carriers may also be called tones, bins, etc. With
OFDM, each sub-carrier may be independently modulated with data. An SC-FDMA system may
utilize interleaved FDMA (IFDMA) to transmit on sub-carriers that are distributed across the
system bandwidth, localized FDMA (LFDMA) to transmit on a block of adjacent sub-carriers, or
enhanced FDMA (EFDMA) to transmit on multiple blocks of adjacent sub-carriers. In general,
modulation symbols are sent in the frequency domain with OFDM and in the time domain with

SC-FDMA.
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[0065] The term “determining” encompasses a wide variety of actions and, therefore,
“determining” can include calculating, computing, processing, deriving, investigating, looking up
(e.g., looking up in a table, a database or another data structure), ascertaining and the like. Also,
“determining” can include receiving (e.g., receiving information), accessing (e.g., accessing data
in a memory) and the like. Also, “determining” can include resolving, selecting, choosing,
establishing and the like.

b

[0066] The phrase “based on” does not mean “based only on,” unless expressly specified
otherwise. In other words, the phrase “based on” describes both “based only on” and “based at
least on.”

[0067] The term “processor” should be interpreted broadly to encompass a general purpose
processor, a central processing unit (CPU), a microprocessor, a digital signal processor (DSP), a
controller, a microcontroller, a state machine, and so forth. Under some circumstances, a
“processor’” may refer to an application specific integrated circuit (ASIC), a programmable logic
device (PLD), a field programmable gate array (FPGA), etc. The term “processor’” may refer to a
combination of processing devices, e.g2., a combination of a DSP and a microprocessor, a
plurality of microprocessors, one or more microprocessors in conjunction with a DSP core, or
any other such configuration.

[0068] The term “memory” should be interpreted broadly to encompass any electronic
component capable of storing electronic information. The term memory may refer to various
types of processor-readable media such as random access memory (RAM), read-only memory
(ROM), non-volatile random access memory (NVRAM), programmable read-only memory
(PROM), erasable programmable read-only memory (EPROM), electrically erasable PROM
(EEPROM), flash memory, magnetic or optical data storage, registers, etc. Memory is said to be
in electronic communication with a processor if the processor can read information from and/or
write information to the memory. Memory that is integral to a processor is in electronic
communication with the processor.

[0069] The terms “instructions” and “code” should be interpreted broadly to include any type
of computer-readable statement(s). For example, the terms “instructions” and “code” may refer

to one or more programs, routines, sub-routines, functions, procedures, etc. “Instructions” and
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“code” may comprise a single computer-readable statement or many computer-readable
statements.

[0070] The functions described herein may be implemented in software or firmware being
executed by hardware. The functions may be stored as one or more instructions on a computer-
readable medium. The terms “computer-readable medium” or “computer-program product”
refers to any tangible storage medium that can be accessed by a computer or a processor. By way
of example, and not limitation, a computer-readable medium may include RAM, ROM,
EEPROM, CD-ROM or other optical disk storage, magnetic disk storage or other magnetic
storage devices, or any other medium that can be used to carry or store desired program code in
the form of instructions or data structures and that can be accessed by a computer. Disk and disc,
as used herein, includes compact disc (CD), laser disc, optical disc, digital versatile disc (DVD),
floppy disk and Blu-ray® disc where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. It should be noted that a computer-readable medium may be
tangible and non-transitory. The term “computer-program product” refers to a computing device
or processor in combination with code or instructions (e.g., a “program’) that may be executed,
processed or computed by the computing device or processor. As used herein, the term “code”
may refer to software, instructions, code or data that is/are executable by a computing device or
processor.

[0071] The methods disclosed herein comprise one or more steps or actions for achieving the
described method. The method steps and/or actions may be interchanged with one another
without departing from the scope of the claims. In other words, unless a specific order of steps
or actions is required for proper operation of the method that is being described, the order and/or
use of specific steps and/or actions may be modified without departing from the scope of the
claims.

[0072] Further, it should be appreciated that modules and/or other appropriate means for
performing the methods and techniques described herein, such as those illustrated by Figure 7,
can be downloaded and/or otherwise obtained by a device. For example, a device may be
coupled to a server to facilitate the transfer of means for performing the methods described

herein. Alternatively, various methods described herein can be provided via a storage means
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(e.g., random access memory (RAM), read-only memory (ROM), a physical storage medium
such as a compact disc (CD) or floppy disk, etc.), such that a device may obtain the various
methods upon coupling or providing the storage means to the device.

[0073] It is to be understood that the claims are not limited to the precise configuration and
components illustrated above. Various modifications, changes and variations may be made in the
arrangement, operation and details of the systems, methods, and apparatus described herein

without departing from the scope of the claims.

What is claimed is:
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CLAIMS

1. A low voltage multi-stage amplifier, comprising:
one or more prior stages;
a supply stage; and
an output stage that operates with a supply voltage as low as a sum of a threshold voltage
of a first transistor in the output stage and a saturation voltage of a second

transistor of the supply stage, wherein the supply stage supplies the output stage.

2. The low voltage multi-stage amplifier of claim 1, wherein the supply stage also operates

as a damping stage.

3. The low voltage multi-stage amplifier of claim 1, further comprising biasing circuitry,
wherein the biasing circuitry sets quiescent current for proper operation of the output stage via

the supply stage.

4. The low voltage multi-stage amplifier of claim 3, wherein the biasing circuitry comprises:
a replica current stage;
a minimum selector; and

an error amplifier.

5. The low voltage multi-stage amplifier of claim 4, wherein the replica current stage
provides a first bias voltage and a second bias voltage to the minimum selector, wherein the
minimum selector provides a determined voltage to the error amplifier, and wherein the error

amplifier controls the supply stage that sets a quiescent current of the output stage.

6. The low voltage multi-stage amplifier of claim 5, wherein the determined voltage is an
average of the first bias voltage and the second bias voltage if the first bias voltage and the
second bias voltage are within a minimum selector transistor saturation voltage of each other, and

wherein the determined voltage is the smaller of the first bias voltage and the second bias voltage
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if the first bias voltage and the second bias voltage are not within the minimum selector transistor

saturation voltage of each other.

7. The low voltage multi-stage amplifier of claim 5, wherein the error amplifier outputs a

first control voltage and a second control voltage to the supply stage.

8. The low voltage multi-stage amplifier of claim 1, wherein the first transistor is a p-

channel transistor and wherein the second transistor is an n-channel transistor.

9. The low voltage multi-stage amplifier of claim 8, wherein a source of the first transistor is
coupled to a variable positive supply voltage, wherein a gate of the first transistor is coupled to a
drain of the second transistor, and wherein a source of the second transistor is coupled to a

variable negative supply voltage.

10. The low voltage multi-stage amplifier of claim 1, wherein the one or more prior stages
comprises a first stage and a second stage, wherein the first stage receives an input signal,
wherein an output of the first stage is coupled to the second stage, wherein an output of the
second stage is coupled to the output stage, and wherein the output stage outputs an output

signal.

11. The low voltage multi-stage amplifier of claim 10, wherein additional bias current is not

needed to support the supply stage since current in the second stage is recycled.

12. The low voltage multi-stage amplifier of claim 1, wherein the low voltage multi-stage

amplifier is a class-G amplifier.

13. The low voltage multi-stage amplifier of claim 1, wherein the low voltage multi-stage

amplifier is a class-H amplifier.
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14. The low voltage multi-stage amplifier of claim 1, wherein the low voltage multi-stage
amplifier is configured to match supply voltages of the output stage to an output signal of the

output stage.

15. The low voltage multi-stage amplifier of claim 1, wherein the output stage operates with

supply voltages of +/- .45 volts.

16. A method for amplification, the method comprising:
obtaining an input signal; and
amplifying the input signal using a low voltage multi-stage amplifier that comprises:
one or more prior stages;
a supply stage; and
an output stage that operates with a supply voltage as low as a sum of a threshold
voltage of a first transistor in the output stage and a saturation voltage of a
second transistor of the supply stage, wherein the supply stage supplies the

output stage.

17. The method of claim 16, wherein the supply stage also operates as a damping stage.

18. The method of claim 16, wherein the low voltage multi-stage amplifier further comprises
biasing circuitry, and wherein the biasing circuitry sets quiescent current for proper operation of

the output stage via the supply stage.

19. The method of claim 18, wherein the biasing circuitry comprises:
a replica current stage;
a minimum selector; and

an error amplifier.

20. The method of claim 19, wherein the replica current stage provides a first bias voltage

and a second bias voltage to the minimum selector, wherein the minimum selector provides a
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determined voltage to the error amplifier, and wherein the error amplifier controls the supply

stage that sets a quiescent current of the output stage.

21. The method of claim 20, wherein the determined voltage is an average of the first bias
voltage and the second bias voltage if the first bias voltage and the second bias voltage are within
a minimum selector transistor saturation voltage of each other, and wherein the determined
voltage is the smaller of the first bias voltage and the second bias voltage if the first bias voltage
and the second bias voltage are not within the minimum selector transistor saturation voltage of

each other.

22. The method of claim 20, wherein the error amplifier outputs a first control voltage and a

second control voltage to the supply stage.

23. The method of claim 16, wherein the first transistor is a p-channel transistor and wherein

the second transistor is an n-channel transistor.

24. The method of claim 23, wherein a source of the first transistor is coupled to a variable
positive supply voltage, wherein a gate of the first transistor is coupled to a drain of the second
transistor, and wherein a source of the second transistor is coupled to a variable negative supply

voltage.

25. The method of claim 16, wherein the one or more prior stages comprises a first stage and
a second stage, wherein the first stage receives an input signal, wherein an output of the first
stage is coupled to the second stage, wherein an output of the second stage is coupled to the

output stage, and wherein the output stage outputs an output signal.

26. The method of claim 25, wherein additional bias current is not needed to support the

supply stage since current in the second stage is recycled.
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27. The method of claim 16, wherein the low voltage multi-stage amplifier is a class-G

amplifier.

28. The method of claim 16, wherein the low voltage multi-stage amplifier is a class-H

amplifier.

29. The method of claim 16, wherein the low voltage multi-stage amplifier is configured to

match supply voltages of the output stage to an output signal of the output stage.

30. The method of claim 16, wherein the output stage operates with supply voltages of +/- .45

volts.

31. An apparatus, comprising:
means for obtaining an input signal; and
means for amplifying the input signal, wherein the means for amplifying the input signal
comprise:
one or more prior stages;
a supply stage; and
an output stage that operates with a supply voltage as low as a sum of a threshold
voltage of a first transistor in the output stage and a saturation voltage of a
second transistor of the supply stage, wherein the supply stage supplies the

output stage.

32. The apparatus of claim 31, wherein the means for amplifying the input signal further
comprise biasing circuitry, and wherein the biasing circuitry sets quiescent current for proper

operation of the output stage via the supply stage.

33. The apparatus of claim 32, wherein the biasing circuitry comprises:
a replica current stage;

a minimum selector; and
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an error amplifier.

34. The apparatus of claim 31, wherein the apparatus is configured to match supply voltages

of an output stage to an output signal of the output stage.

35. The apparatus of claim 31, wherein the output stage operates with supply voltages of +/-

45 volts.

36. A computer-program product configured for amplifying an input signal, the computer-
program product comprising a non-transitory computer-readable medium having instructions
thereon, the instructions comprising:
code for causing a low voltage multi-stage amplifier to obtain an input signal; and
code for causing the low voltage multi-stage amplifier to amplify the input signal,
wherein the low voltage multi-stage amplifier comprises:
one or more prior stages;
a supply stage; and
an output stage that operates with a supply voltage as low as a sum of a threshold
voltage of a first transistor in the output stage and a saturation voltage of a
second transistor of the supply stage, wherein the supply stage supplies the

output stage.

37. The computer-program product of claim 36, wherein the low voltage multi-stage
amplifier further comprise biasing circuitry, and wherein the biasing circuitry sets quiescent

current for proper operation of the output stage via the supply stage.

38. The computer-program product of claim 37, wherein the biasing circuitry comprises:
a replica current stage;
a minimum selector; and

an error amplifier.
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39. The computer-program product of claim 36, wherein the low voltage multi-stage

amplifier is configured to match supply voltages of an output stage to an output signal of the

output stage.

40. The computer-program product of claim 36, wherein the output stage operates with

supply voltages of +/- .45 volts.
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