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(57) ABSTRACT 

A method and apparatus is provided for use in power 
ampli?ers for reducing the peak voltage that transistors are 
subjected to. A power ampli?er is provided with ?rst and 
second switching devices and an inductor connected 
between the switching devices. The switching devices are 
driven such that the switching devices are turned on and off 
during the same time intervals. 
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POWER AMPLIFIER CIRCUITRY AND METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The following US. patent applications ?led con 
currently herewith: Ser. No. , entitled “RF PoWer 
Ampli?er Circuitry and Method for Amplifying RF Signals” 
by Timothy J. Dupuis et al; Ser. No. , entitled 
“Method and Apparatus for Regulating a Voltage” by Timo 
thy J. Dupuis et al; Ser. No. , entitled “Dual Oxide 
Gate Device and Method for Providing the Same” by 
Timothy J. Dupuis et al; Ser. No. , entitled “RF 
PoWer Ampli?er Device and Method for Packaging the 
Same” by Timothy J. Dupuis et al; and Ser. No. , 
entitled “Apparatus and Method for Providing Differential 
to-Single Ended Output Conversion and Impedance Trans 
formation” by Susanne A. Paul et al, are expressly incorpo 
rated herein by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to the ?eld of poWer ampli 
?ers. More particularly, this invention relates to improved 
poWer ampli?er circuitry Which reduces the peak voltages to 
Which sWitching devices of the ampli?er are subjected. 

BACKGROUND OF THE INVENTION 

[0003] In some applications utilizing a poWer ampli?er, it 
is desirable to limit the peak voltage that the sWitching 
devices of the poWer ampli?er are subjected to. For 
example, in CMOS devices, the transistor breakdoWn volt 
age may be only slightly greater than the supply voltage. 
Therefore, CMOS devices are not Well suited to traditional 
poWer ampli?er designs, Where sWitching devices are sub 
jected to voltages at least tWice the supply voltage. 

[0004] FIG. 1 is a schematic diagram of a conventional 
Class E ampli?er. As shoWn, a transistor M1 is connected 
betWeen ground and an inductor L1 Which is connected to a 
voltage source Vdd. The gate of the transistor M1 is con 
nected to an input signal Vi. The connection of the transistor 
M1 and the inductor L1 forms a node labeled Vd. The 
sWitching device M1, as Well as other sWitching devices 
described may be comprised of any suitable sWitching 
devices, for example, MOSFETs or other transistor types. A 
capacitor C1 is connected betWeen Vd and ground. The 
ampli?er includes a transformation netWork consisting of 
inductor L2 and capacitor C2. The capacitor C2 is connected 
to a load RL at output node V0. 

[0005] FIG. 2 is a timing diagram illustrating the input 
signal Vi and the resulting voltage at Vd. As shoWn, the input 
signal Vi is a square Wave signal sWitching betWeen ground 
and Vdd. When the input signal Vi is high (Vdd), the 
transistor M1 is turned on, holding Vd to ground. When the 
input signal Vi transitions to loW, transistor M1 turns off and 
the voltage at Vd rises above Vdd. During this time, the 
transistor M1 must sustain this high drain-to-source voltage. 
After peaking, the voltage at Vd decreases until it reaches 
ground. In a typical prior art Class E design, this peak 
voltage is approximately 3.6 Vdd. Although the peak voltage 
can be reduced slightly, it can not be decreased beloW about 
2.5 Vdd since the average voltage at Vd must equal Vdd. 
Designs such as that shoWn in FIG. 1 are not Well suited to 
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certain device technologies, such as CMOS, Where transistor 
breakdoWn voltages are only slightly higher than the supply 
voltage. 

[0006] It can therefore be seen that there is a need for 
ampli?er designs Where the peak voltages applied to the 
transistors of the ampli?er are reduced so that they are beloW 
the transistor breakdoWn voltages of the devices being used 
to implement the design. 

[0007] Another problem relating to ampli?ers relates to 
the use of differential circuits. It is dif?cult to perform 
differential-to-single-ended conversion When a single ended 
load is required With high ef?ciency. Therefore, there is a 
need for improved differential-to-single-ended conversion 
designs. 

SUMMARY OF THE INVENTION 

[0008] ApoWer ampli?er of the invention includes a ?rst 
sWitching device connected betWeen a ?rst supply voltage 
and a ?rst output node, a second sWitching device connected 
betWeen a second supply voltage and a second output node, 
and an inductance coupled betWeen the ?rst and second 
output nodes. 

[0009] Another embodiment of the invention provides a 
method of reducing the peak output voltage in an ampli?er 
including the steps of providing an inductor having ?rst and 
second terminals, providing a ?rst sWitching device con 
nected betWeen the ?rst terminal of the inductor and a ?rst 
supply voltage, providing a second sWitching device con 
nected betWeen the second terminal of the inductor and a 
second supply voltage, applying a voltage betWeen the ?rst 
and second terminals of the inductor during a ?rst portion of 
a clock cycle by turning on the ?rst and second sWitching 
devices, and turning off the ?rst and second sWitching 
devices during a second portion of the clock cycle. 

[0010] Another embodiment of the invention provides a 
differential poWer ampli?er including a ?rst ampli?er having 
a ?rst sWitching device connected betWeen a ?rst supply 
voltage and a ?rst output node, a second sWitching device 
connected betWeen a second supply voltage and a second 
output node, and an inductance coupled betWeen the ?rst and 
second output nodes, a second ampli?er having a third 
sWitching device connected betWeen a third supply voltage 
and a third output node, a fourth sWitching device connected 
betWeen a fourth supply voltage and a fourth output node, 
and an inductance coupled betWeen the third and fourth 
output nodes, and Wherein the ?rst and second ampli?ers are 
coupled together to drive a load. 

[0011] Other objects, features, and advantages of the 
present invention Will be apparent from the accompanying 
draWings and from the detailed description that folloWs 
beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The present invention is illustrated by Way of 
example and not limitation in the ?gures of the accompa 
nying draWings, in Which like references indicate similar 
elements and in Which: 

[0013] FIG. 1 is a schematic diagram of a prior art Class 
E ampli?er. 
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[0014] FIG. 2 is a timing diagram illustrating the voltage 
at VD relative to the input signal V1 for the prior art Class E 
ampli?er shoWn in FIG. 1. 

[0015] FIG. 3 is a block diagram illustrating an eXample 
of an environment in Which a poWer ampli?er of the present 
invention may be used. 

[0016] FIG. 4 is a schematic diagram of one embodiment 
of a poWer ampli?er of the present invention. 

[0017] FIG. 5 is a timing diagram illustrating the voltages 
present in the ampli?er shoWn in FIG. 4, relative to the input 
signals. 

[0018] FIG. 6 is a schematic diagram of an embodiment 
of a poWer ampli?er of the present invention With a load 
connected differentially. 

[0019] FIG. 7 is a schematic diagram of an embodiment 
of a poWer ampli?er of the present invention connected to a 
single-ended load. 

[0020] FIG. 8 is a schematic diagram of an embodiment 
of a poWer ampli?er of the present invention connected 
differentially. 

[0021] FIG. 9 is a timing diagram illustrating the voltages 
present in the ampli?er shoWn in FIG. 8. 

[0022] FIG. 10 is a schematic diagram of an embodiment 
of a poWer ampli?er of the present invention. 

[0023] FIG. 11 is a schematic diagram of another embodi 
ment of a poWer ampli?er of the present invention. 

[0024] FIG. 12 is a schematic diagram of an embodiment 
of a poWer ampli?er of the present invention having a 
preampli?er circuit. 

[0025] FIG. 13 is a timing diagram illustrating the volt 
ages present in the ampli?er shoWn in FIG. 12. 

[0026] FIG. 14 is a schematic diagram of an embodiment 
of a tWo-stage differential poWer ampli?er of the present 
invention. 

[0027] FIG. 15 is a schematic diagram of a prior art circuit 
used for performing differential-to-single-ended conversion. 

[0028] FIG. 16 is a block diagram of a differential-to 
single-ended conversion and impedance transformation cir 
cuit of the present invention. 

[0029] FIG. 17 is a schematic diagram of a differential 
to-single-ended conversion and impedance transformation 
circuit of the present invention. 

[0030] FIGS. 18 and 19 are schematic diagrams illustrat 
ing differential inputs AC-coupled from a load. 

[0031] FIG. 20 is a block diagram of a differential-to 
single-ended conversion and impedance transformation cir 
cuit having multiple differential inputs. 

[0032] FIG. 21 is a block diagram of a voltage regulator 
of the present invention. 

[0033] FIG. 22 is a schematic diagram of an embodiment 
of a voltage regulator of the present invention. 

[0034] FIG. 23 is a schematic diagram of an embodiment 
of a voltage regulator of the present invention. 
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[0035] FIG. 24 is a schematic diagram of an embodiment 
of a voltage regulator of the present invention. 

[0036] FIG. 25 is an isometric vieW illustrating hoW a 
device of the present invention is packaged. 

[0037] FIG. 26 is a side vieW of the device shoWn in FIG. 
25. 

[0038] FIG. 27 is a diagram illustrating a ceramic chip 
carrier With an inductor formed in the carrier. 

[0039] FIG. 28 is a diagram illustrating a ceramic chip 
carrier With a vertically-formed inductor formed in the 
carrier. 

[0040] FIG. 29 is an electrical schematic diagram of 
inductors connected betWeen four connection points. 

[0041] FIG. 30 is a diagram illustrating an eXample of 
hoW the inductors shoWn in FIG. 29 could be formed in a 
ceramic chip carrier. 

DETAILED DESCRIPTION 

[0042] In order to provide a context for understanding this 
description, the folloWing illustrates a typical application of 
the present invention. A poWer ampli?er of the present 
invention may be used as an ampli?er for use With a Wireless 
transmission system such as a Wireless telephone or other 
device. The invention may also be applied to other applica 
tions, including, but not limited to, RF poWer ampli?ers. In 
a Wireless device such as a cellular telephone, the device 
may include a transceiver, an antenna dupleXer, and an 
antenna. Connected betWeen the transceiver and the antenna 
dupleXer is an RF poWer ampli?er for amplifying signals for 
transmission via the antenna. This is one eXample of an 
application of a poWer ampli?er of the present invention. Of 
course the invention may be used in any other application 
requiring a poWer ampli?er. In the case of a Wireless 
telephone application, the invention may be applied to GSM 
or other constant envelope modulation systems. 

[0043] FIG. 3 is a block diagram illustrating an eXample 
of an environment in Which a poWer ampli?er of the present 
invention may be used. FIG. 3 shoWs a poWer ampli?er 310 
connected to a pair of input signals Vin and Vip. The input 
signals come from an input 312 from an input netWork such 
as the transceiver chip mentioned above. An input buffer is 
formed by a plurality of inverters X1 and X2 Which are 
connected to the input 312 as shoWn. The input buffer circuit 
could also be comprised of more or less inverters, or any 
other suitable circuitry. The poWer ampli?er 310 is also 
connected to a voltage regulator 314 Which provides a 
regulated voltage source Vdd from a voltage source, such as 
battery voltage VB. The poWer ampli?er 310 is also con 
nected to a transformation netWork 316 Which is connected 
to a load 318. Note that the connection betWeen poWer 
ampli?er 310 and the transformation netWork 316 may be 
comprised of a single or multiple connections. FIG. 3 is 
shoWn With n connections. In the eXample of a Wireless 
transmission system, the load 318 may be comprised of an 
antenna. Note that the components shoWn in FIG. 3 are 
optional and are not essential to the poWer ampli?er 310. 

[0044] FIG. 4 is a schematic diagram of one embodiment 
of a poWer ampli?er of the present invention. The poWer 
ampli?er includes a sWitching device M1 connected 
betWeen ground and the node labeled Vdn. The gate of the 
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switching device M1 is connected to the input signal Vin. 
Another switching device M2 is connected between the 
voltage source Vdd and a node labeled Vdp. The gate of the 
switching device M2 is connected to the input signal Vip. 
Connected between the switching devices M2 and M1 is an 
inductor L1. FIG. 4 also shows a capacitor C1 connected 
between Vdn and ground. A capacitor C3 is connected 
between Vdp and Vdd. The capacitors C1 and C3 may be 
comprised of a combination of separate capacitors and 
parasitic capacitances of the switching devices M1 and M2. 
The power ampli?er shown in FIG. 4 also includes a 
reactive network connected between Vdn and the ampli?er 
output V0. The reactive network is formed by inductor L2 
and capacitor C2 and can be used for ?ltering or impedance 
transformation. A load RL is connected to the ampli?er 
output V0. 
[0045] The power ampli?er shown in FIG. 4 resembles a 
push-pull ampli?er topologically, but is fundamentally dif 
ferent, in that the input signals Vin and Vip are inverses of 
one another. Since switching device M1 is an n-channel 
device and switching device M2 is a p-channel device, the 
switching devices M1 and M2 are both turned on and turned 
off during the same time intervals. FIG. 5 is a timing 
diagram illustrating the voltages present in the ampli?er 
shown in FIG. 4, relative to the input signals. FIG. 5 shows 
the input signals Vin and Vip which are 180° out of phase 
with each other. In other words, when one of the input 
signals is high, the other is low. During phase 1 (Vin high and 
Vip low), the switching devices M1 and M2 are both turned 
on so that Vdp and Vdn are clamped to Vdd and ground 
respectively. During phase 2 (Vin low and Vip high), the 
switching devices M1 and M2 are both turned off. The 
voltage at Vdn rises and begins to ring at a frequency 
determined by the values of the components L1, C1, C3, L2, 
and C2. For the best ef?ciency, these components are chosen 
so that Vdn rises and then returns to ground immediately 
before the end of phase 2. The voltage at Vdp falls and rings 
in a similar way. The voltage at node Vdp rises back to Vdd 
immediately before the end of phase 2, when switching 
devices M1 and M2 are turned on. 

[0046] The peak voltages present across the switching 
devices M1 and M2 can be adjusted as desired by changing 
the passive component values in the circuit under the 
constraint that the average voltage of Vdn must equal that of 
Vdp. If this average voltage lies at Vdd/Z then the peak value 
of Vdn will be only slightly higher than Vdd and that of Vdp 
will be only slightly lower than ground. The duty cycle of 
the input signals Vin and Vip waveforms can be adjusted to 
reduce the peak voltages even further. As a result, this 
con?guration eliminates the large signal swings that tran 
sistors are subjected to in the prior art. 

[0047] The power ampli?er shown in FIG. 4 does not take 
full advantage of the signal swing that occurs on node Vdp. 
An increase in ef?ciency can be achieved by making use of 
the signal swing on both Vdp and Vdn. This can be accom 
plished by connecting the load differentially across nodes 
V and Vdn as shown in FIG. 6. FIG. 6 shows a power 
ampli?er similar to that shown in FIG. 4. The power 
ampli?er includes switching devices M1 and M2, inductor 
L1, and capacitors C1 and C3. Atransformation network 616 
is connected to both nodes Vdp and Vdn. A load RL is 
connected to the transformation network 616. The wave 
forms for the power ampli?er shown in FIG. 6 are similar 
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to those for the power ampli?er shown in FIG. 4. In this 
embodiment, the current ?owing through the load RL is 
determined by the difference between the voltages on Vdp 
and Vdn. 

[0048] When a single-ended load is required, the transfor 
mation network can be made to facilitate a single-ended 
load. FIG. 7 shows a power ampli?er with two capacitors 
C2 and C4 and an inductor L3 connected as shown between 
Vdn and V0. An inductor L2 is connected between Vdp and 
the connection point of the capacitors C2 and C4. Asingle 
ended load RL is connected between V0 and ground. The 
waveforms for the power ampli?er shown in FIG. 7 are 
similar to those for the power ampli?er shown in FIG. 4. In 
this embodiment, the current ?owing to the output from Vdp 
and current ?owing to the output from Vdn add when they 
are summed in phase at the load. The load is AC coupled 
from either Vdp or Vdn by capacitor C4. The inductor L2 and 
capacitor C2 can also be chosen to transform the load 
impedance RL into a desired impedance so that power 
delivered to the load can be adjusted independently from the 
voltage swing on Vdp and Vdn. In this case, the voltage swing 
on V0 will vary from that on Vdp and Vdn as determined by 
the selection of C2 and L2. Since the combination of L2 and 
C2 is a tuned circuit, it provides some bandpass ?ltering. If 
additional ?ltering is desired, capacitor C4 and inductor I3 
can also be used as an additional bandpass ?lter. In sum 
mary, L2 and C2 in the con?guration of FIG. 7 simulta 
neously perform the functions of impedance transformation, 
?ltering, and differential-to-single-ended conversion. 

[0049] The ampli?er of the present invention may also be 
implemented differentially using two ampli?ers (such as the 
ampli?er shown in FIG. 7) connected together as shown in 
FIG. 8. FIG. 8 shows a ?rst ampli?er (the positive side) 
comprised of switching devices M1+ and M2+, inductor 
L1+, capacitors C1+ and C3+, and a transformation network 
comprised of capacitors C2+ and C4+ and inductors L2+ and 
L3. A second ampli?er (the negative side) is comprised of 
switching devices M1- and M2—, inductor L1—, capacitors 
Cl- and C3—, and a transformation network comprised of 
capacitors C2— and C4— and inductors L2— and L3. The two 
ampli?ers are similar to each other with the inductors L2 and 
capacitors C2 interchanged as shown. The input signals Vin 
and Vip on the negative side are shifted by 180 degrees from 
the input signals Vin+ and Vip+ on the positive side. FIG. 9 
is a timing diagram illustrating the voltages present at the 
nodes Vdm, Vdp+, Vdn, and Vdp. 
[0050] The values of the passive components in the ampli 
?er shown in FIG. 8 may be chosen so that the resulting 
currents from both ampli?ers sum in phase at the load RL. 
The advantages of the power ampli?er shown in FIG. 8 are 
similar to the advantages common to differential circuits in 
general. For eXample, undesired interference from supply or 
substrate noise is common-mode. Another advantage is that 
the impact of supply resistance is reduced because the 
supply current ?ows during both clock phases. 

[0051] Note that the load RL shown in FIG. 8 could be 
connected to only two of the four output nodes of the power 
ampli?er. For eXample, a con?guration similar to that shown 
in FIG. 4 could be connected differentially to the load RL, 
where the nodes Vdp+ and Vdp_ are not connected to V0. 

[0052] FIG. 8 also shows an alternate embodiment where 
an optional inductor IA is connected (shown in dashed lines) 
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between nodes Vdp+ and Vdp_. Without the optional inductor 
L4, the voltage swings on nodes Vdp+, Vdp_, Vdn+ and Vdn_ 
and the values of capacitors C1+, C1—, C3+ and C3- can not 
be independently adjusted. The optional inductor L4 has the 
advantage that these voltage sWings can be adjusted inde 
pendently of the capacitance values mentioned above. 

[0053] The capacitors C1 and C3 described above are used 
to shape the Waveforms of the voltages on Vdp and Vdn. As 
mentioned above, these capacitances may be provided by 
separate capacitors or by the parasitic capacitances of 
sWitching devices M1 and M2. In another embodiment, 
these capacitances are formed by sWitching devices in a Way 
that improves the ef?ciency of the ampli?er. 

[0054] FIG. 10 is a schematic diagram of a poWer ampli 
?er similar to the ampli?er shoWn in FIG. 8. In the ampli?er 
shoWn in FIG. 10, the capacitors C1+ and C3+are replaced 
by sWitching devices M3— and M4—, respectively. Similarly, 
the capacitors Cl- and C3- are replaced by sWitching 
devices M3+ and M4+, respectively. Each of the sWitching 
devices M3 and M4 are driven as shoWn by a voltage from 
the opposite ampli?er. For example, the sWitching device 
M4+is driven by the voltage at Vdp_ on the negative side. 
The sWitching device M4— is driven by the voltage at Vdp+ 
on the positive side. Similarly, the sWitching device M3+ is 
driven by the voltage at Vdn_ While the sWitching device 
M3— is driven by the voltage at Vdm. The Waveforms for the 
ampli?er shoWn in FIG. 10 are similar to those described 
above. 

[0055] The ampli?er shoWn in FIG. 10 alloWs the sWitch 
ing devices M1+ and M1- to be made smaller by an amount 
equal to the siZe of sWitching devices M3+ and M3—. 
Similarly, the sWitching devices M2+ and M2— can be made 
smaller by an amount equal to the siZe of sWitching devices 
M4+ and M4—. HoWever, sWitching devices M1 and M2 
should remain suf?ciently large to assure stability of the 
circuit. A decrease in the siZe of the sWitching devices M1 
and M2 improves the ef?ciency since the input capacitances 
that must be driven are smaller. Another advantage to the 
ampli?er shoWn in FIG. 10 is that cross-coupling helps to 
assure that the Waveforms present at Vdp_ and Vdn_ have the 
correct phase relationship to the Waveforms present at Vdp+ 
and Vdm, despite possible timing variations on the positive 
inputs (V Vim) and on the negative inputs (Vip_, Vin_). 
[0056] FIG. 10 also shoWs an alternate embodiment 
Where an optional inductor L4 is connected (shoWn in 
dashed lines) betWeen nodes Vdp+ and Vdp_, similar to the 
inductor L4 shoWn in FIG. 8. If the optional inductor L4 is 
connected, the voltage sWings of nodes Vdp+, Vdp_, Vdn+, 
and Vdn_ can be chosen independently from the input 
capacitances of M4—, M4+, M3—, M3+. 
[0057] FIG. 11 is a schematic diagram of a poWer ampli 
?er similar to the ampli?er shoWn in FIG. 10, but With the 
inductors L1+ and L1- replaced. Inductor L1+is replaced 
With a pair of inductors L1A+ and L1B+. Inductor L1- is 
replaced With a pair of inductors L1A- and L1B—. The node 
formed by the connection of inductors L1A+ and L1B+ is 
connected to the node formed by the connection of inductors 
L1A- and L1B—. The embodiment shoWn in FIG. 11 has 
similar advantages to the embodiment in FIG. 10 With the 
optional inductor L4 in that it alloWs the voltage sWings of 
nodes Vdp+, Vdp_, Vdm, and Vdn_ to be chosen indepen 
dently from the input capacitances of M4—, M4+, M3—, 
M3+. 
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[0058] As described above With respect to FIG. 3, input 
buffer circuitry may be used to drive the gates of the 
sWitching devices M1 and M2 of the ampli?ers described 
above. HoWever, the ef?ciency may be improved if a similar 
ampli?er circuit is used as a preampli?er circuit. FIG. 12 is 
an eXample of an ampli?er having a preampli?er circuit. 

[0059] FIG. 12 shoWs an ampli?er similar to the ampli?er 
shoWn in FIG. 7. At the input of the ampli?er, a preampli?er 
is shoWn. The preampli?er is comprised of sWitching 
devices M5 and M6 connected betWeen ground and Vdd. An 
inductor L3 is connected betWeen the sWitching devices M5 
and M6. The preampli?er includes inputs Vip2 and Vinz. The 
preampli?er circuit receives input signals Vip2 and Vin2 and 
generates signals Vip and Vin for use by the ampli?er. The 
preampli?er circuit is similar to the ampli?ers described 
above, eXcept that all of the passive elements eXcept induc 
tor L3 are eliminated. The capacitances required by the 
preampli?er circuitry are formed from the input capaci 
tances of the gates of sWitching devices M1 and M2. Of 
course, other passive elements could be used With the 
preampli?er circuit. 

[0060] FIG. 13 is a timing diagram illustrating the Wave 
forms at Vin, Vip, Vdn, and Vdp of FIG. 12. The preampli?er 
output Waveforms Vip and Vin have a shape that makes them 
Well suited for driving the input gates of sWitching devices 
M1 and M2 in the ?nal stage. 

[0061] Note that in an alternate con?guration the capacitor 
C4 could be connected betWeen inductor L2 and VO With 
capacitor C2 connected betWeen Vdn and V0. This alternate 
con?guration functions similarly to the con?guration shoWn 
in FIG. 12. 

[0062] FIG. 14 is a schematic diagram of an ampli?er 
using a tWo-stage differential con?guration Which provides 
an increased ef?ciency over the circuit shoWn in FIG. 12. 
The ampli?er shoWn in FIG. 14 is similar to the differential 
ampli?er shoWn in FIG. 10, With the addition of preampli 
?er circuitry. The inputs Vip+ and Vin+ of the ampli?er are 
connected to preampli?er circuitry comprised of sWitching 
devices M5+ and M6+. The sWitching devices M5+ and 
M6+are connected betWeen ground and Vdd, With an induc 
tor L3+connected betWeen them. Capacitances are provided 
to nodes Vdp2+ and Vdn2+ by sWitching devices M8+ and 
M7+, respectively. The negative side of the ampli?er is 
con?gured in the same manner. The positive and negative 
sides of the preampli?er circuitry are cross-coupled in the 
same Way as the ampli?er circuitry shoWn in FIG. 10 
(described above). In this con?guration, the input capaci 
tances of the NMOS and PMOS sWitching devices M1 and 
M2 of the poWer ampli?er, the input capacitances of the 
preampli?er sWitching devices M7 and M8, and the value of 
inductor L5 can be adjusted so that the signals at Vdp2 and 
Vdn2 have the desired peak amplitudes. 

[0063] Another aspect of the present invention relates to a 
circuit and method of providing differential-to-single ended 
output conversion and impedance transformation from dif 
ferential signals. Differential circuits have a number of 
advantages that are Well knoWn. For example, the impact 
from noise sources is reduced since these signals are com 
mon-mode (i.e., the positive and negative sides are effected 
identically). In addition, even-order harmonics are reduced 
because of circuit symmetry. Because of these and other 
advantages, a differential con?guration may be desirable 
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even When the load is single-ended. If a single-ended load is 
needed, circuitry for differential-to-single-ended conversion 
is needed. 

[0064] One prior art method for performing differential 
to-single-ended conversion at high frequency involves use 
of a transformer or balun. FIG. 15 shoWs a prior art circuit 
used for performing differential-to-single-ended conversion 
using a transformer T1. The primary side of the transformer 
T1 is connected to a ?rst differential input V+ and a second 
differential input V_. The secondary side of the transformer 
T1 is connected to ground and an output node V0. A load ZL 
is connected betWeen ground and the output node V0. If the 
transformer has a 1-to-1 turns ratio, then the differential 
signals V+ and V_ are translated into a signal having an 
amplitude of (V+-V_) across the load ZL. 

[0065] In some applications, impedance matching or 
impedance transformation is needed to transform a given 
load impedance into a different impedance seen by the 
driver. Impedance transformation can be accomplished, as 
part of the differential-to-single ended conversion, using the 
transformer circuit shoWn in FIG. 15 by adjusting the 
Winding ratio of the transformer T1. HoWever, the use of 
transformers for differential-to-single-ended conversion and 
impedance transformation has disadvantages. First, high 
quality transformers are larger and more costly than other 
passive elements and are not easily integrated With other 
semiconductor circuits. Second, practical transformers have 
imperfect magnetic coupling Which causes a loss of poWer 
from input to output. 

[0066] The present invention provides a technique that 
performs differential-to-single ended conversion as Well as 
impedance transformation and avoids the disadvantages of a 
transformer solution. FIG. 16 shoWs a block diagram of a 
differential-to-single-ended conversion and impedance 
transformation circuit. The circuit has a ?rst impedance X1 
coupled betWeen the second differential input signal V_ and 
an output node V0. A second impedance X2 is coupled 
betWeen the ?rst differential input signal V+ and the output 
node V0. A load ZL is connected betWeen the output node 
V0 and ground. In the circuit shoWn in FIG. 16, current 
?oWing to the output node VO from differential input V+ is 
shifted in phase from the voltage on V+. Similarly, current 
?oWing to the output node VO from differential input V_ is 
shifted in phase from the voltage on V_. The impedances X1 
and X2 are chosen so that these tWo currents add together 
When they are summed at the load ZL. For eXample, if X1 
shifts the output current by +90 degrees and X2 shifts the 
output current by —90 degrees then the resultant currents Will 
sum in phase at the load. FIG. 17 illustrates one eXample of 
an implementation of the circuit shoWn in FIG. 16. FIG. 17 
shoWs an L-C differential-to-single-ended conversion and 
impedance transformation circuit. The impedance X1 is 
comprised of a capacitor C5 Which is coupled betWeen the 
second differential input signal V_ and the output node V0. 
The impedance X2 is comprised of an inductor L6 Which is 
coupled betWeen the ?rst differential input signal V+ and the 
output node V0. 

[0067] Referring back to FIG. 16, since the inputs V+ and 
V_ are differential, the inputs have opposite signs. HoWever, 
the differential inputs V+ and V_ are not necessarily equal in 
amplitude. The output voltage VO of the differential-to 
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single-ended conversion and impedance transformation cir 
cuit is given by the folloWing equation: 

[0068] The poWer PL delivered to the load ZL is given by 
the folloWing equation: 

[0069] Differential-to-single-ended conversion is 
achieved if the impedances X1 and X2 have opposite signs. 
Impedances X1 and X2 may be comprised of any combina 
tion of reactive elements (e.g., capacitor C5 and inductor L6 
shoWn in FIG. 17) Whose combination meets this require 
ment. For eXample, if differential inputs V+ and V_ have 
equal amplitudes A, and impedances X1 and X2 have equal 
amplitudes X, then the output voltage VO can be determined 
by substituting these values into equation (1) above. The 
resulting output voltage V0 is given by the folloWing equa 
tion: 

[0070] It can be seen from equation (3) that the ratio R/X 
can be chosen so that the amplitude of the output V0 is either 
larger or smaller than the amplitude A of the differential 
input. The voltage of the output VO increases as the value of 
X decreases. Similarly, the voltage of the output VO 
decreases as the value of X increases. 

[0071] In certain applications, the load ZL must be AC 
coupled from one of the differential inputs V_ or V+. FIGS. 
18 and 19 shoW examples of a hoW the differential inputs 
may be AC-coupled from the load ZL in the eXample shoWn 
in FIG. 17. In the circuit shoWn in FIG. 18, an additional 
capacitor C6 is inserted betWeen the output node V0 and 
both the capacitor C5 and the inductor L6. The capacitor C6 
AC-couples the output node VO from the ?rst and second 
differential inputs V+ and V_. In the circuit shoWn in FIG. 
19, an additional capacitor C6 is inserted betWeen the output 
node V0 and the inductor L6. The capacitor C6 AC-couples 
the output node VO from the ?rst differential input V+. Note 
that the capacitor C1 provides AC-coupling betWeen the 
output node VO from the second differential input V_. 

[0072] The techniques for providing differential-to-single 
ended conversion and impedance transformation described 
above can be applied to circuits having multiple differential 
inputs. FIG. 20 shoWs a differential-to-single-ended con 
version and impedance transformation circuit having mul 
tiple differential inputs. FIG. 20 shoWs differential inputs V1 
through VN, Where N is the total number of differential 
inputs. A ?rst impedance X1 is coupled betWeen the differ 
ential input V1 and the output node V0. A second impedance 
X2 is coupled betWeen the differential input V1 and the 










