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Analysis and Design of High Efficiency Feedforward Amplifier Using
Distributed Element Negative Group Delay Circuit
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Abstract

We will demonstrate a novel topology for the feedforward amplifier. This amplifier does not use a delay element
thus providing an efficiency enhancement and a size reduction by employing a distributed element negative group delay
circuit. The insertion loss of the delay element in the conventional feedforward amplifier seriously degrades the effici-
ency. Usually, a high power co-axial cable or a delay line filter is utilized for a low loss, but the insertion loss, cost
and size of the delay element still acts as a bottleneck. The proposed negative group delay circuit removes the necessity
of the delay element required for a broadband signal suppression loop. With the fabricated 2-stage distributed element
negative group delay circuit with —9 ns of total group delay, a 0.2 dB of insertion loss, and a 30 MHz of bandwidth
for a wideband code division multiple access downlink band, the feedforward amplifier with the proposed topology
experimentally achieved a 19.4 % power added efficiency and a —53.2 dBc adjacent channel leakage ratio with a 44
dBm average output power,
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Fig. 1. Block diagrams of, (a) typical feedforward po-

wer amplifier and (b) cross cancellation tech-
nique.
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Fig. 2. Proposed novel feedforward amplifier topologies
with negative group delay circuit employed at,
{a) EPA path and (b) common path.

O>'
o
N

olf

rlo

o

1+

N

z
(o]
[,
(@]
~
ot > o
l“)‘ o, }OI' !
i

-

2 ol N o2

&
=
1o
it

=
s
>
fo,
™
o
=
ox,
o
ot
4
X,
e
>,
N
Lo

g ZY 4 dg Ao}

Adubd o7 FAA LE 22 Y £48 7k
55 Aol E AFY S5 ME Ee O E 2
A9 7|2 LA AXH HA7E Foled Al
ok A}8}o 2 2H2EA| Wk NGDC Y &4 BA 32 &
90° 3tol B L, AL N9 ANT FEIZ o]F
o}A A EPA 8 Aol &4 FAH5} shsdith 1
2 93ty A7t WP& outy] e 1EE Ao

22 AATORA A2 4
A8 Aol & B 18 A0S TS
SEETE?

683



EREHERERIGE $21 5 H6% 2010F68

\_ 2125 GHz

T8 3. 2% wAbg B4 &4 NeDC!
Fig. 3. The circuit diagram of a 2-stage reflection type
negative group delay circuit, from references [18].
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Fig. 4. The simulated and measured group delays and
insertion losses of the 2-stage reflection type ne-
gative group delay circuit.

o 714 dYE A 3%3 B8] $1§ Aol

1Y 4= HAE 29 4 27 NGDCS A&
old 2 34 AAE HoAF AEH ol AFps}
24 A7t A9 gAY, S48 #A9TH AY
AL FF FIFAM 42 -9£0.25 ns9h 021+
0.06 dBolth. AlgF oA &4 AdY wAS
QA= 2AZ FE719 o5 A%} UrA dF
AAE 9% &4 AR Jdit o & 39 2
Ad Azke]l YRE 74, G &G £AG A7 7
9| trade-off7t ¥ 23}ct

A BAF 22 e NGDCE 4 gy
4 FEIE ALLHEF) ALY AL AE 52
712) STA-0821-3940MM & o] &3t T }3512“%
o] W Y3} 54 AHEY] 146}04 & 557
©] DPD4} A5 HY A 7l5e HEA §‘r Az %
o ZA3Hh F Y FE/=28 V7 UsHE A
oj5o] 548 dB, ] &7 A Fo) 49.18 dBmE &
ek A 280 PAEE oF 383 %t &
£38 B4 A2 NGDCE 119 33 7o) 43kA] &+
Fug QgAY FES SEANIE TAE Q2
Jdol, g B3 A971E A Fste] NGDC ¥l F
7Hte. 2 AR A\Ago MY B9 B e E
A AL

aY 59 I8 62 747 S4E FASAA F
o ERX QI AT AA Fr9 F2 %
ERZ 9t 2-FA WCDMA A&7} z2tE Y
sl A3 Ade A4 -328 dBcY **&‘HE-—

lN

olr
oX



e
>
%

50
- ld My 2925GHZ -30.9dB 40
- e M 2440GHz -300d8
= 2N M; 2155GHz -30.24dB ped a0 E ]
g- 20
& - w “626‘ e 4 10
2 L TR g
& 08
g e :
§- e o 4-10 §
g N = 20
) v I e
608 ~©--  simulated et : 30 8
-70 Measured |- Carrier BW | -40
-80 - -50
2.10 212 2.14 2.18 218

Frequency (GHz)
Jd8 5. F NS 34 2o JAx 24 259
Fig. 5. The measured carrier suppression loop characte-

ristics.
50 4 i e iiedanmnre ; — i
PR i e M, 2125GHz -2020B |
wl M, 2140GHz -383dB |
= My 2155GHz -19.2dB |7
3 2 M, 2135GHz -30.20B |-
g 10 f o Ms 2145GHz 27.9dB L
g 0 :
g a0} .. __i Adjacent - S
g 20 \g Channel BW H i i
320t i 4 R i
o MRS ,
o0 - :
210 212 2.4 218 2.18
Frequency (GHz)
N - = —— —
J8 6. THx AF A5 44 FZo 2E 4%
2% 23

Fig. 6. Measured IMD suppression-loop characteristic.

e AR ZAHJL THZ I A5 A4
£ 98t 9F A7 18 E A% 30 MHz B
oA 1 Ad ‘FAdvl(Adjacent Channel Leakage
Ratio: ACLR)<> 19.2 dB ©%¢ A& 4= 9&-& <l
4tk

¥ 72 2-FA WCDMAE 33} 43 dBme) &
23S A8 v Add HrIYr 2279 APs)
& {474 w2 ~dEgS ez 4ok s
MHz ©|AE FagoA ZAHJS o, A3 52
< A71A ek9kS vl (Without Cancel) ACLRO| —36.3
dBeol Aok A3t 5L AIA-E w(With Cancel)
~56.6 dBcZ 203 dBY A EFHE IS F YU

J9 8& 8 dB 29 54 99 sty =
Ag3l A/F9 ACLR BA4& Ho|T grh 413
SA42 43 dBmY W HHY AL YT Q)
o, 37~44 dBm B £8Y W 5 MHz 148
Fafpo A} ok -53 dBe |3t S FAIET Uk

T4 29 YA 549 ACLR 2 PAE H5E
& I8 9o et Ha &8 Aol 44 dBm ¢
W, ACLR} PAEE 712} -532 dBc9} 194 %2 &
AHJEH, ©] 7S NGDC] &4 BAL 93 AL

ofk o?.i
e o

A el voluz 249 2 E olg

rﬁ"—'
Fql
o
=
i
=
Ho
It
olN
Ju
X~
1o
e
1
)
e
X,

20

------ A ____,,,,,,,,,,,,Mm . Without_Cancel
1 ] }Y

§-f ———With_Cancel

104

| i
: §f
O |

! -56.6 dBc H

-10 4

=20 4

PSD (dBm/Hz)

=304

-40 4

-50 T T T T T T T T T
2.1 2.12 213 2.14 215 2,16 217

Frequency (GHz)

J8 7. g 28 AZo] 43 dBm¥ o 2-carrier WCD-
MA 21Z(PAPR: 10.5 dB @ 0.01 %)E o&
sto] A Ayl A(Without Cancel)s $
(With_Cancel)®] ~¥E#

Fig. 7. The measured 2-carrier WCDMA spectra(PAPR:
10.5 dB @ 0.01 %) before(Without Cancel) and
after(With_Cancel) linearization at an average
output power of 43 dBm.

-30
- Without_Cancel_SMHz
.35 . < Without_Cancel_10MHz o
—e— With_Cancel_5MHz A
40 —a— With_Cancel_10MHz ya
- ' |203dB
] "
2 454
o .
o
& -50 b
55
-60

36 37 38 39 40 41 42 43 44 45
Output Power (dBm)

8 8. 747+ 5 MHz, 10 MHz °|48 F35dM &
A% JEXAE TH719 ACLR 54

Fig. 8. Measured ACLR at 5-MHz and 10-MHz offset
of the proposed feedforward amplifier.

39 ofo

8 2N Z2Z7)9 AY ARSEEL BF T§E 0]
T #olth Ha ¢ d¥o| 43 dBm¥
ACLRZ -56.6 dBc, PAEE 17 %E 24 Eth I
TEHAE FEA oz g Hold ii EA4e
MPA ZEtho] 9x3 ) Mz &4 3
S 24 dojl Aol vk MPAY] &0
dZ S0 5 kW F9 A8 £Z7]9 7
AT FE719 AE ARV AA AY 5:



BEBHEBRERIGE £21 % H63k 2010F6A

1. 9229 FE7)9 49 54 8ok v
Table 1. Performance summary and comparison of feedforward amplifiers.

Frequency Pou Test sional Signal BE Linearity Drain efficiency
(GHz) (dBm) ost sig (MHz) (dBc) (%)
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[21] 214 2 2-tone . - 12
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Fig. 9. Measured ACLR and PAE performance with res-
pect to the average output power.
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Fig. 10. Photograph of the proposed feedforward am-
plifier.
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