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Power Amplifier (PA) design
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e Power Amplifier
— function
— The challenge of delivering high power
— Load pull
— ClassA,AB,B,C,F E
— Memory effects
— Efficiency enhancement techniques

e References
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Does a power amplifier really amplifies power?
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e a power amplifiers converts DC power (from power supply) to RF power (as
efficiently as possible). This is kind of different from “small-signal” blocks such
as an LNA
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The challenge of delivering high-power in CMOS:

Vip
Ldc (RF choke) P Vip
out ZRload

RF

| out
RFin -—la R0aq (@aNntenna, 50Q0)

« from the above equation, to deliver +30dBm (1Watt) output power to the 50Q
load, Vp needs to be 10V !

« If CMOS technology of say 55nm is used with HCI reliability limit of 1.3V
only, the device will breakdown and so cannot deliver this power. The max

power that can reliably be delivered to such a load is (1.3)?/100 = 17mW
(~12dBm)!

- What to do?
Copyright© Dr. Osama Shana’a
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Reliability of CMOS device and stress mechanisms: HCI
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* Hot Carrier Injection (HCI) happens when device is ON (channel is
iInverted) and there is large horizontal electric field present due to
large Vds.

« Electron carriers experience large velocity and get injected into the
oxide shifting the device threshold voltage over time (it is a life time
degradation issue)

» Issue is alleviated by reducing Vds/Vgs and/or increase device
channel length

Copyright© Dr. Osama Shana’a
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Reliability of CMOS device and stress mechanisms: NCS
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None-Conductive Stress, also known as Punch Through, happens when
the device is not conducting any current (off) while there is a large Vds
voltage across the device

Depletion region of drain extends towards source increasing leakage
current, hence device off-region Rds.

Issue is alleviated by reducing Vds and/or increase device channel length
NCS voltage rating is usually much higher than its HCI for a given

technology

NCS is not destructive unless large currents causes thermal or electron-

migration damage

Copyright© Dr. Osama Shana’a
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Reliability of CMOS device and stress mechanisms: Oxide BD

« Oxide breakdown (BD) happens when large Vgs or Vdg exceed the
rating

« Oxide breakdown is a catastrophic damage (instant, cannot recover)

« There is usually no difference between AC and DC signals (the
moment the voltage crosses the breakdown threshold, damage occurs)

« Oxide BD can only be alleviated by lowering voltage (or of course use

thicker oxide device)
Copyright© Dr. Osama Shana’a
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Reliability of CI\/IOS device and stress mechanisms: TDDB
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« Time-Dependent Dielectric Breakdown (TDDB) is a “wear-out” mechanism of
the device oxide due to defects that degrades (or destroys) device over time.

« Itis a statistical process (two devices with same terminal voltages may fail at
different times)

« Defects in the oxide can be due to manufacturing or due to gate tunneling
effect in thin-oxide

« TDDB rating is inversely proportional to device oxide area. It can only be
alleviated by lowering voltage (or of course use thicker oxide device)

Copyright© Dr. Osama Shana’a
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Important issues about device reliability metrics: HCI, TDDB, NCS, ..
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« The pass/fail voltage rating is done at the device level (for example when Vth shifts by
10mV or when ldss changes by 10%). These numbers have nothing to do with PA
performance (in many cases PAis just fine if Vth shifts by 10mV)

» In some of these reliability mechanisms, there is a difference between AC and DC
signals (device can tolerate larger AC swing than constant DC voltage). The AC
signal nature (CW, OFDM, etc,) also another factor (device can tolerate OFDM signal
more than CW tone with same peak value).

« PAdesign is all about pushing these limits and design a circuit that is reliable for the
target application but not being very conservative (foundry gives very conservative
device reliability numbers usually related to DC voltages)

- Understanding device reliability and its impact on PA performance is KEY. PA burn-in

in the lab is best way to design PAs while pushing these limits Copyright© Dr. Osama Shana’a
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SEM photos of actual PA failures:
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Oxide BD(large gate
leakage current,
likely TDDB)

NCS failure
resulting in high
current damage
on D/S metal (EM)

MSS 10.0kV 8.3mm x15.0k SE(UL)

MSS 10.0kV 8 3mm x 120k SE{UL)

« Failure analysis (FA) can lead you to which device fails and which port (gate, drain)
has the damage for you to analyze the failure mechanism and adjust PA design to fix

the issue Copyright© Dr. Osama Shana’a
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The challenge of delivering high-power in CMOS:

Vip
Ldc (RF choke) P Vip
out ZRload

RF

| out
RFin -—la Rioaq (@ntenna, 50-ohm)

» from the above equation, to deliver 30dBm (1Watt) output power to the 50-ohm load,
VDD needs to be 10V !!

* If CMOS technology of say 55nm is used with HCI reliability limit of 1.3V only, the
device will breakdown and so cannot deliver this power. The max power that can
reliably be delivered to such a load is (1.3)%/100 = 17mW (~12dBm)!

- What to do?

Copyright© Dr. Osama Shana’a
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R,,.q Of PA to deliver high Pout:

Vpp=1.3V v
Pout ZRload
Ldc (RF choke) V3,
- Rload ~ ZPout
RFOUt
RF Rload (??Q)

n

« With Vp is set to 1.3V to match the max reliability V4. of thin-gate 55nm
device, we can then calculate Rload needed to deliver 30dBm power:

=2 Ri,aq = 0.85Q! This is very small load resistor to be realized practically with
on-chip components (need to still match to the 50Q2 antenna)

Let us find out why

Copyright© Dr. Osama Shana’a



Lecture #18 Power Amplifier Design UC Berkeley, EECS 290C 13

Matching PA load to 50Q.

V,,=1.3V
DD =R‘0“d=50=1+Q2
R R
Ldc (RF choke) Ripad
__ "Mloa
B wLp

50Q (antenna)

Matching network

* In our example, with R=0.85Q, the network Q is ~7.6.

- This may not sound too bad. However, the issue is the finite Q of on-chip
matching network as explained next

Copyright© Dr. Osama Shana’a
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Finite Q of on-chip matching passives:

V B _ _ Pload _ 1 _ 1
DD_1'3V maten Patch t Proad 1+ _Rload \/F
e 14X
p Qp
R
Q'p =—Fr

wLp Rload _ Rload _ Q - \/?
Ry Qpwly, Qp Cp
RIoad

50Q (antenna)

Matching network

« The finite Q of matching network results in efficiency degradation of
matching network (power loss)

—> For say 80% matching network efficiency (7,,a.cr), IN our example (R =
0.85Q) Qp needs to be around ~31. This is hard to realize with on-chip
inductors

Copyright© Dr. Osama Shana’a
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Impact of finite Q of on-chip matching components:
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* Need to operate within the region of realizable on-chip inductors Q (<13)

- For matching network efficiency n>70%, the only way to do this with on-chip matching
is by reducing |r, which means increasing 1R. This means for same output power we
need to increase 1swing without violating reliability limits!

- How? .
Copyright© Dr. Osama Shana’a
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Increase swing without affecting reliability: use differential circuit

Output Matching Network

--------------------------------------------------

I ‘_| $ RFour 2 VIZ)D
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\/DD — ~ load
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N DD
Zicarh | 1 — = foad ™ p
‘ C: out

* [For same VDD and target Pout as before, the differential R can now be 4x larger or in
our example is 4 x 0.85 = 3.4Q. This brings r down to ~15.

« Although this is better than before and matching can be realized by on-chip
components, however, the loss is quite large and efficiency is <70% for inductor Q of 8
or 10

—> Still need to reduce r further. The only thing left is to increase VpD without affecting
reliability.

How? Copyright® Dr. Osama Shana’a
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Increase VDD using thick-gate cascode device:

Output Matching Network
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« Athick-gate cascode device can be used to be able to increase Vv 5. The cascode

device can handle the large output swing while protecting the bottom CS thin-gate
device which provides the PA gm and gain.

—> Using an I/O device (thick-gate, L=0.28um) in 55nm, V can be increased to 3.3V.
For the differential topology and for same Pout, this brings R to ~22Q. This in turn
brings r to ~2.3. Now matching network can comfortably be realized with on-chip

inductors of Q=8 and efficiency is close to 90%.
Copyright© Dr. Osama Shana’a
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Increase VDD using “special” High-voltage cascode device:

Output Matching Network
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» Drain-extension using lightly doped n-well region increases punch-through Vds
voltage to 7~10V. The gate-oxide also does not overlap with the drain n+ region
improving Vgd oxide breakdown voltage.

» The device usually comes for “free!” with no extra mask is needed

* The f; of such device is decent (25~35GHz in 55nm technology). Drain parasitic cap is
large and can impact PA distortion (AM-PM)

* “knee voltage” of the device maybe a bit larger than normal 1/O device
Copyright© Dr. Osama Shana’a
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Limitation of PA Vp: PMU PA

Li-lon 2.7~4.2V

=
Za s

* Vpp Value in many cases is not a design option. It is usually set by the
application. To make Vp a design parameter you need to build a buck-boost
DC-DC converter only for the PA, which may not be cost effective in some
applications. A cheaper way is to build an LDO but this is not good for
efficiency. In ultra-low cost application, the PA needs to interface directly with
the supply Copyright© Dr. Osama Shana’a
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Matching using balun:

Output Matching Network

3
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RL (50Q) CenterTap R
Unbalanced Balanced
RL
R = m

« For a given R the PA likes to see, balun N can be calculated for output
matching. For example, if R=12Q, a 1:2 balun can be used to match

this PA impedance to 50Q.

« Large N results in lower balun Q (multi-turns) which increases balun

loss and so reduces PA efficiency

Copyright© Dr. Osama Shana’a
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Few considerations: gt g oy
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« Single-ended PA is quite sensitive to ground
inductance. Low ground inductance are hard to
realize on-chip with finite package inductance. The
inductance impacts PA gain and power added
efficiency. Differential PA does not have this issue.

Uis3 > Vi

UGs2 > VGs)

vGs1 > Vv >0

Vps
“knee voltage”

« Adding a cascode device increases the “knee
voltage” of the PA. Using HV-MOS increases the
knee voltage even further. This impacts PA swing,

Pout and efficiency
Copyright© Dr. Osama Shana’a
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What if there is no HYMOS device in a process? power combining:

lunit

lout
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Vinit Vinit

Vout = MV ynit

Iowe = Iynic
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* In the case where there is no high-

voltage device to be used in a
cascode (for example in FinFet
process), power combining is perhaps
your best choice for PA architecture

Power combining uses smaller PAs
(each delivering relatively small
power within its reliability capability)
and combine them using passive
combiner

As the number of PAs increases, the
power combiner design gets
complicated and its loss increases.
Therefore, there is an optimum
number of PAs in a given process.

Copyright© Dr. Osama Shana’a



Lecture #18 Power Amplifier Design UC Berkeley, EECS 290C 23

Important metrics for PA:

Ppc =Vppl
Vy, DC pplpp pa — Pout — Py,
Ppc
Ldc (RF choke)
:________-; _Pout
_I Pout Nioad =
| : Ppc
RF., > c 1| | 50Q (antenna)
[
Pin : [
! ! _ P@drain
e e e e e e e | Ndrain = P
R  Matching network bc
P@drain

* Drain efficiency, MNg.in: IS the efficiency at the drain of the PA by
calculating the power delivered by the drain node of the PA relative
to DC power from supply. It does not include any matching network
losses. This metric tells you how good your PA core is

Copyright© Dr. Osama Shana’a
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PA distortion: Static AM-AM and AM-PM

20 | Vgs=0.55V 15 ;
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2 0 | S
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-10 - <20
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Pout (dBm) Pout (dBm)

« AM-AM distortion is mainly due to 3" order distortion of the PA, as discussed
in a previous lecture (and sometimes higher odd order distortion like 51) .
AM-PM distortion is due to non-linear capacitors in the PA circuit

» Plots are generated by sweeping input CW tone amplitude and record gain

and phase of output vs Pout
Copyright© Dr. Osama Shana’a
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PA distortion: dynamic, memory effects

AM-AM AM-PM

x ~ ¢« Nexsured

PA output
PA output

0 01 02 05 04 ns 1) 07 08 0% 1 0 01 02 03 . 05 0e o7 08 09 1

P it B P it B

« memory effect is when the PA output, at a given time, depends also
on the instantaneous input that happened earlier
«  problem gets worse with wider signal bandwidth

« the “thicker” the AM-AM/PM traces are the worse are memory
effects
Copyright© Dr. Osama Shana’a
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PA distortion: dynamic, memory effects’ signature

0, 0,

IM3,,
A IM3,

Freq (Hz)

* it is not the asymmetric IM3, but that the asymmetry
changes as a function of tone pacing (signal bandwidth)

Copyright© Dr. Osama Shana’a
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PA distortion: memory effects, cause

i, (t) = m(t) cos(eyt + (1))
at any node of the PA there exists nonelinear ity
Vnode(t) - Z1iin (t) + Zzli (t) + Z3Ii (t) +..

P,;l-bias T 1'|: .ZSS :"'+ZZOS(2th@+...
| A __I___? l lin2 T T

T i Envelop HD2
Vin

memory effects are caused by the impedance at any node of the PA being
frequency dependent (not purely resistive, has a time constant or delay) over the
signal envelop bandwidth (tone spacing baseband frequency)

Similar behavior if impedance phase changes over HD2

results in un-balanced upper and lower IM3 and becomes tone spacing
(bandwidth) dependent

Need to address both the source of memory effects and the transfer function by
which memory effects gets inband

Copyright© Dr. Osama Shana’a
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Memory effects: IM3 asymmetry due to RF HD2

o K\ R = vaneas
7 \

\

* terminating second order harmonics helps mitigate this mixing effect but
Impedance should be low and flat (resistive) over BW

20\)1_

IM3,
IM3,

* |M3 due to HD2 adds on top of PA
IM3 either constructively or
destructively, depending on phase

Copyright© Dr. Osama Shana’a
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Memory effects: IM3 asymmetry due to envelop

®<\(D1 0, [@ = PA nonlinearit%

(0,—M,

» Linearizing PA helps reduce the
transfer function by which memory
effects gets inband

* designing bias circuits with low resistive output impedance and high BW
compared to signal envelop helps mitigate this mixing effect difference to

upper/lower sides Copyright© Dr. Osama Shana’a
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Memory effects: IM3 asymmetry due to envelop
Let us represent the two tone currents as:
iy = cos(wt) ; i, = cos(wyt)

The low-frequency current component due to second order distortion can be

calculated as: o
ay(i; +i,)% = fcos(Awt) ;where Aw = wy; — w4

If the impedance at Aw has an imaginary part, it can be represented as |Z|el®
Therefore, the voltage at such node is | x Z, and so can be represented as:

Z
Vipz = o 7cos(Awt + 6)
When v,,,, mixes with the two tones at that node due to 3" order nonelinearity, it

results in: 12l
IM3; = az[v, X cos(w,t)] = a2a3Tcos[(2w1 — w,yt) — 6]
1Z]

IM3y = az[vp, X cos(w,t)] = ayas Tcos[(sz — wqt) + 6]

* It can be seen that the phase of the termination impedance, 0, at Ao due
to its imaginary part causes the IM3, and IM3, to be different and so one

adds constructively and the other destructively to the PA's own IM3
Copyright© Dr. Osama Shana’a
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Memory effects: IM3 asymmetry due to envelop, cont

From previous slide it was found out that:

Z
IM3; = as[v;, X cos(w,t)] = a2a3|4—|cos[(2w1 — wyt) — 0]

|Z]|

IM3y, = az[v;y, X cos(w,t)] = a,as Tcos[(sz — wqt) + 6]

* Therefore, in order to reduce memory effects and asymmetry between

IM3, and IM3 as a function of Aw, you need to do the following:

1. Reduce 0 to zero (termination impedance at envelop frequency Aw be
real or resistive, no imaginary part)

2. If 6 cannot be reduced to zero, you can reduce termination impedance
at envelope frequency |Z| to a very small value (for example use
iInductor to bias the PA which provides low impedance at envelop
frequencies)

3. Reduce the transfer function (PA nonelinearity at each node)
parameters a,04 by which memory effects makes it to RF.

Copyright© Dr. Osama Shana’a
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Choosing the optimum PA load: load-pull

All the load point(gamma point) along a contour
V line shows the same performance value W
DD

All the load point(gamma point)
+ ~="along a contour line shows the
", ssame performance value X

Ldc (RF choke)

RFOUt
=
RF,.
r Z1oad — 9002 AT SAYL S All the load point(gamma point)
load — Lt 4aei : along a contour line shows the
Z1pqq T 50L2 y4 I . same performance value Z
load All the load point(gamma point)
Fload along a contour line shows the

same performance value Y

* load-pull is sweeping PA drain load impedance (green dots on Smith
Chart above) and plot contours of same performance parameters

* W, X, Yy Z above can be Pout, PAE, gain, AM-AM/PM, Vswing, etc

* multi-dimensional sweep adds Vgs dc bias sweep, device size sweep, Rs
sweep, etc.

- Select the optimum load that meets all requirements copyrighte dr. Osama Shana’a
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Load pull: how it looks like, example

Vswing @Psat, 0.55V Vgs n @Psat, 0.55V Vgs Psat, 0.55V Vgs

Vout @ PSAT (V) Drain Efficiency @ PSAT (%) (3.3¥ Supply, Balun loss: 0dE) Unit-sized PSAT (max is 27.5486cBm)

3
3

(Wio/Lio)/(Wcore/Lcore)=1/2,0.55V Vgs, max Psat 27.7dBm

s PSAT (s 270518  a simulator like Spectre or ADS is used to

- - sweep circuit parameters (Vgs bias, device
size, Pin, etc) and plot contours of Pout,
efficiency, output swing, Psat, AM-AM/PM etc.
« matlab script is used to discard load
Impedances that do not meet PA specs (for
example swing exceeds reliability, efficiency is
too low, Psat is too low, etc.

« optimum impedance is then selected
Copyright© Dr. Osama Shana’a
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PA DC bias sets its class: Class A, B, AB, C

_ VDD
Vbias

T
o
5 Class A
)
£

RFin 9
()]

Clas
Class C !

|
21 conduction angle | Gate voltage

|

T conduction angle ?:

| I

<1 conduction angle 2 :
|

|

|

* \/bias sets the class of PA.
 class A is most linear but least efficient. Class C is most efficient of the 4

modes above but most none-linear
Copyright© Dr. Osama Shana’a
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PA DC bias sets its class: Class A, B, AB, C

Class AB Class B Class C

NI N NN

N \ |
Device P
- threshold - —r - [
n<20<27 20=T 0<2o<m Il 1
_.__‘!drain ; : _ ‘__‘_ldrain . Fgrain
Vrai y £ N ’ N Vrain o { . ' Vdrain Hh ‘
RN/ WY /L :

[-V overlap = power loss in the device

* more overlap between device voltage and current results in lower efficiency
» more efficient PA (class C) is generally more nonelinear and provides lower
gain
» power dissipated into the device generates heat (thermal)
Copyright© Dr. Osama Shana’a
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PA DC bias sets its class: Class E, F

Ve

Voltage
Tuned Load Network

Load

[
o

Current

Class-E amplifier Class-E Voltage and Current waveforms

Time

uned to 3+ Ta
Usupp!y Vot
— oltage

Output Matching
RF § ‘ Network

choke
— 1"

DC

Current

1— Imax
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PA In-band distortion: IM3, IM5, IM7 interaction

two —tones: S1at f1,52 at f2
3rd oder distorion:2f1 — f2,2f2 — f1

5th oder distorion: (3f1—-2f2),(3f2—-2f1), 2f1—-f2),2f2—-f1)

7th oder distorion: (4f1—-3f2),(4f2—-3f1), 3f1—-2f2),(3f2—-2f1),
(2f1-£2),(2f2-f1)

IM (dBc¢,
1] dE-’di'-':‘
A

Gain (0.5 dB/dw)

—

Input powar {2 dB/div)

 at small Pin/Pout, IM(n) has a
slope of (n) vs Pin

- at large Pin/Pout, 34 and 5t
(71, etc.) order distortion
generate distortion components
at exact same frequencies but
with different phases. In some
cases, the phase may result in
partial cancellation which
shows improvement in IM3 at
high Pout for some PAs.
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Two-stage PA:
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» The PA stage (called sometimes the power stage) delivering power to the
load may not have sufficient power gain (especially if it is class C or class AB)

* as a result, a PA-driver stage is added to boost the overall PA gain

« a matching network (usually balun) is used to boost the low input
Impedance of the large PA power stage seen by the PA driver stage

* the overall PA efficiency must include the PA-driver stage.

« a typical PA power gain is 25~30dB.

« driver stage is usually made to be very linear (class-A) to prevent higher-

order distortion inside PA of signals coming from this stage
Copyright© Dr. Osama Shana’a
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Efficiency degradation due to PAPR:
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 as we discussed in previous lectures, PA efficiency degrades quite
rapidly vs backoff power from Psat

« it will be “nice” to see if PA does not need to backoff and still support
large PAPR - how?
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Efficiency enhancer: PAPR (crest factor) reduction

Digital enhancement
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* if PAPR is reduced, less backoff is needed - efficiency is improved

* PAPR reduction degrades in-band EVM. Therefore, for it to work, the receiver
needs to apply the inverse reduction function to recover signal back. Not all
standards support this 2 do PAPR reduction only for relaxed EVM modulations,

for example MCSO in WiFi.
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Efficiency enhancer: active load modulation, Doherty PA
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* Doherty PA has two power amplifiers; Main to deliver average power and Aux to deliver
peak power. They are biased at different points. Aux PA starts to turn-on once Pout

crosses the average power level

« impedance inverter results in dynamic load modulation. As a result, two peaks show up

in efficiency plot

« problem with Doherty PA is its nonlinearity, especially strong memory effects
Copyright© Dr. Osama Shana’a
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Concept of Doherty PA:

2
V, z V. I V
1 _ ~0 _ 2 _ 2
Z=—=—- Za———RHI— R, 2=—2 1+—3
I]_ Z3 3 3 | |
| Z4 | Z3 | Z;
| I I
Vi | Impedance | |§ Va ,'2 | Va
Ly Inverter, z0 | | N ¢!
- V
. . Y2 *
Main Amplifier CT) RL gpout oR =V, (1;)¥1,) I <T) Aux Amplifier
L
Impedance.Chm Voltage.V Power dBm
120 Y Y ! ! Y Y H - === 30 !
—— 21 : : —— V1 e o ——Main Pout :
ol ——z2 |G s e — —— V2 3 ; v —%— Aux Pout ;
: ; : /7’ T —&— Combined Pout
BRI - oo s T R e AAAAAAAAAA AAAAAAAAAAA Main amplifier 25 H Power combine &
1o | R SR SRR | el ] operates as from Main/Aux :

Saturated PA ........................ ampllfler
e P A e .......... ........... B H - e REETEEERR FEEEEES B JT
§ = g i
% T T .......... ............ g ST S T I Lo B STR %; *5
I e s .......... ........... Y .......... .,, ..................................

: 3 T . S e : P

sol.. : : o ..\\ AAAAAA f-*
. : / D #
a0l-| Dynamicload |-i--r-% e e 1171 | S A
modu|at|0n: I ; T o e e s e e ansene {,*

©r 7, Lasl, T & e .
20 | | | \\i"’ ! L ! ! 5 1 ! ! |

5 10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30

Pant dBm Pant dBm Pant.dBm

Copyright© Dr. Osama Shana’a



Lecture #18 Power Amplifier Design UC Berkeley, EECS 290C 43

Efficiency enhancement: Doherty PA
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« for low Power, only Main PA is on (half size of class AB). When Power reaches
Pave (PAPR below Psat), Main PA reaches Psat-3dB and Aux PA turns on and
so efficiency reaches its first peak. As Pout increases, Aux turns on more and
efficiency reaches its second peak at Psat.

» Doherty improves efficiency over class AB PA almost by 2x for output stage (if
you ignore driver)

« As seen from AM-AM/PM, Doherty has severe distortion and so DPD is a must
(memory DPD most of the time) Copyright© Dr. Osama Shana’a
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Example Doherty PA: WiFi 11ac Front-end Module (FEM)

AU AUX [1] Chee, et, al. ISSCC 2017
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* two stage impedance inverter for 1GHz RF bandwidth (WiFi 6GHz 11ac/ax)

* input coupler/power-splitter causes a 90-degree phase shift. Impedance
inverter also causes 90-degree phase shift, so both Main and Aux currents are
combined in-phase

« when Main and Aux PAs are of same size, the PAis called “symmetric Doherty
PA”. At Psat, Main and Aux deliver equal power to the load. If Aux is to deliver
most of the PAPR power, Aux PA size has to be larger than Main PA

(asymmetrlc deS|gn) Copyright© Dr. Osama Shana’a
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Efficiency enhancement:. Envelop tracking (ET)

3GPP power [
control slot time 1
05ms/1ms

et

-Wasted supply power

Fixed Supply
» Simple, but poor efficiency
- Efficiency is strong function of
waveform PAPR.

Average Power Tracking (APT)
* Per-slot tracking based on TX
power level
* Improves efficiency at low
power.
* Doesn’t help at high power.

Envelope Tracking (ET)
* Dynamic, high speed supply
tracking of signal amplitude
* Improves efficiency
* Waveform-independent

Copyright© Dr. Osama Shana’a
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Efficiency enhancement: continuous ET scheme
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* LF path in parallel with HF path to track envelope.
— LF path: high-efficiency to provide DC current (APT)
— HF path: linear stage to provide AC current (ET)

Copyright© Dr. Osama Shana’a
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Efficiency enhancement: continuous ET scheme
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» amplifier distortion needs to be low over envelop (3~5x signal BW)—> needs current

* system efficiency drops fast as signal BW increases

* Requires stringent alignment between envelop signal (VPA) and input to PA (<1ns
range) = extensive calibrations needed

* Does NOT work well for high BW (>200MHz) and low EVM systems (-33dBc)

» overhead is large and efficiency improvement is low for low PAPR systems (<5dB) like
3G cellular (overall system efficiency improvement is <5% to justify the cost)

* you need one of these for each PA (dual-band, MIMO, etc.) Copyright© Dr. Osama Shana’a
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Efficiency enhancement: Discrete ET scheme

” 4 __ vdd,, — PAEfiiciency Loadpull @ Px
DDI-4 ——Vdd s Trajectory A
= Loadpull @ Pav eht
e i |
P v/
[ A |
L - f!r, o |
o - AV iy
'un) - L I TN
c -~ i
= -~ I
8| _.; \ !
- = = PA Gain A |
: 8 dBi
Trajectory !

RE Power ' -
= Pav Px
Amplifier Pout (dBm)

v (04 7 Limitation on Vdd:  Other limitations include:
S /DDJ

- stress (upper) --Phase/gain over Vdd
-- knee (lower) -- memory effects
(©) * no high-speed linear amp
needed

(©) * alignment requirement is relaxed

o * needs good DPD
Alihossein Sepahvad, et al., ECCE 2016

Philip Godoy, et al., JSSC 2012 * modulator design is tricky
Copyright© Dr. Osama Shana’a
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