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Non-Foster matching is applied to design a mutitave broadband GaN pow
amplifier (PA) in this work. Thdandwidth limitation from hig-Q interstage matching
is mitigated through the use pé&gative capacitor, which is realized with a nege
impedance converter (NIC). Detailed analysis is@née to understand the frequency
and power limits of NICcircuits for PA application. A -18 GHz power amplifier
fabricated with 0.25:m GaN pHEMT process showise output power reaching 35.7-
37.5 dBm with 13-21% PAE. The NIBoosts the efficiencies and po below 11 GHz
to achieve broadband performance without the usengflossy matching circuitor
negative feedback. To our knowledge, this is thst fdlemonstratiorof NIC-based

broadband amplifiers with Watt- level output power.

INTRODUCTION

A wattlevel power amplifier (PAwith multi-octave bandwidth is essential fbe broadband applicatio
like electronic warfare. GaN device is suitable fois case due to its high power density and highage
operation, whichresults in relatively large load impedance. Tdistributed amplifiers (DAs) and reactiv
matched PAs (RMPASs) are widely used as r-octave PAs. However, DA suffers from small gaind RMPA
typically requires large chip size and has diffiguin achieing the required gain flatnesover a wide
bandwidth. Reconfigurable matching concept has aksen proposefor multi-stage PAs to overcome t
bandwidth limitation coming from hi-Q interstage matching. However, the switch lossratbes the P/
efficiency (S. Parlet al., 2014) A potential alternative for wideband matchindhe useof a non-Foster circuit
(NFC). The first norf-oster circuit using the transistors was desi¢(J. Linvill J. 1953. The NFC was used to
compensate for the parasitic efedf various circuits sucts filters, varactors and VC((Q. Wuet al., 2013).
For example, the negative slope of the reactance sersguency is used to overcome the limitalof the
antenna size and Q-factat 800 MHz (O. Tadeet al., 2013). DA gainbandwidth enhancement hbeen
demonstrated using the negative capacitan(A. Ghadiriet al., 2010). However,ts application was limited t
smallsignal applications. There are thrmajor challenges using non-Foster circigit broadband circuits,
noise, stability and power handling capability. Doghe power handling issues, little work been presented
to demonstrate a broadband PA using-Foster circuit.

In this work,a5 W @8 GHz GaN power amplifier F
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Fig. 1: Block diagram of the two-stage PA with non-Fostetching network.

been developed using non-Foster circuit in theréndge matching to achieve multi-octave power
bandwidth.

I nterstage Matching With Nic:

A simplified block diagram of the two-stage GaN R#h the proposed non-Foster circuit is shown ig. Fi
1. The unit FET size of the PA is 6x12&, which has a maximum available gain (MAG) of Rat 18 GHz.

To achieve overall gain higher than 15 dB, a twagstdesign is required, in which case the barttiwid
limitation often comes from the high-Q interstagatahing rather than the output matching. In thiskythe
NFC is employed in the interstage matching to choaethe large input capacitance of the poweretagTs,
lowering the Q-factor of interstage matching.

The output matching is composed of a conventiomatl section matching network and the output powers
from each FET are combined through a Wilkinson pogambiner to achieve 36-dBm output power over the
target frequency range of 6-18 GHz. In theory,atidition of NFCs in the output matching network &anther
improve the power bandwidth. However, the powerdtiag capability of NFC has to scale with the RRveo,
which increases the DC power consumption of NFCdegtrades the PAE of the overall PA. Thereforghis
work, NFC is employed in the interstage matchinty.on

Another practical issue with NFC is the limited ogteng frequency; the bandwidth limitation comesnfr
the self- resonating frequency (SRF), which ist@diby fT of the device. GaN FETs have a gate length of 0.25
um and the NFC using these FETs show self resoramesd 11 GHz, which is not high enough to cofier t
entire bandwidth up to 18 GHz. So, the interstagaching network is optimized separately for twib-s
frequency regions. Natural interstage matchingpisnized for the upper sub-frequency band alddveGHz,

e
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Fig. 2: Simulated interstage impedance matching with NFC.

() (b) (©)
Fig. 3: (a) Linvill's NIC block diagram, (b) the detailesthematic of the proposed NIC, and (c) the singaifi
equivalent of the NIC
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where the negative capacitance is not available. sitbbsequent power mismatch in the low sub-frequenc
band is compensated by the negative capacitansemissl by NFC.

To better understand the benefit of NFC in thergtggye matching, the input impedance of the poveayes
is simulated together with the optimum load impexaaf the driver-stage FET in Fig. 2. The optimunivet-
stage impedance moves along a constant-g ciraeunter-clockwise direction as the frequency insesaThe
input impedance of the power stage is highly ciéivacdue to the large input gate capacitance 1.4fpF. It is
thus very difficult to provide optimum impedance tofdng across the entire bandwidth. Upper frequesnci
above 11 GHz are matched using an inductive lirke shunt stubs. The impedance mismatch in therlow
frequency sub- band is solved by employing a negathunt capacitance of —2.5 pF, which basicaliiuces
the Q-factor of the input impedance of the powagstimpedance from 10.30 to 1.62 at 6 GHz and #.8978
at 8 GHz. In this way, the same matching circuitsisting of the inductive line and the shunt indince can be
used to match the lower sub-band frequencies b&lloGHz as well.

The non-Foster circuit used in the interstage miafchs based on the Linvill's negative impedance
converter (NIC) (Fig. 3(a)). The detailed schemafitNIC is shown in Fig. 3 (b). The NIC is compos#dhe
cross-coupled FETs with capacitors, resistors adddtors. The resistorIRR2, and R are used to prevent
instability. The main operation of the NIC
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Fig. 4: Simulated (a) reactance of the NIC as a functibrfrequency and (b) equivalent capacitance or
inductance.
_100 80
=2 \ — Dividing ratio
T 8 IN -- [ZNIC| 0 0
= : -~ |Z_PAll2 80 3 _
= 50 -r?; E-0 02
g% g 8
- - 40 5 £
T a0 2 5-004
s A e 2
5 208 §
“;’ 20 9 -0.06
=
o i ) 10 @
o e e e — BGHz —- 8GHz ---- 10 GHz
0 = : - S 0 0.08
0 2 4 6 8 10 12 14 16 18 10 15 20 25 30 a5
Frequency (GHz) Input power (dBm)
(a) (b)

Fig. 5: (a) Simulation results of the power division igdbetween the NIC and power stages. (b) Simulated
susceptance of the NIC versus injected RF power.

is to invert the polarity of C to an effective capacitancee§ (= -k CL). The coefficientk, is a function
of the frequency since the actual equivalent cireiimuch more complicated than a simple capacitois
composed of series and parallel resistances, fiareapacitances and inductances, which cannoefgkected at
microwave frequencies. For analysis, it is usédutepresent the NIC with a simplified equivaleintugit of a
series resistor ( and either negative capacitanceedCor inductance (kg), depending on the frequency, as
shown in Fig. 3(c).

The simulated frequency-dependent reactance dfiias plotted in Fig. 4. The reactance decreasdba
frequency increases up to 11 GHz, which clearlywshoon-Foster characteristics. The equivalent degraes
of the NIC in this frequency range are up to -1 Phe equivalent series resistance varies betdekand
11.4Q. Above 11 GHz, where the self resonance occuesptisitive reactance slope is observed and theitirc
follows Foster’s theorem. In this case, the NIGdpresented with a series combination of a resistand a
positive inductance as shown in Fig. 3(c).

Another limitation in NIC operation may come frorhetpower handling capability in the PAs. The NICs
cease to show negative impedance when they arendwith large RF power. As shown in Fig. 1, NICrelsa
the same node as two power- stage FETs. The RF (fimme the driver stage is divided into three patlith a
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different ratio depending on the operating freqiesicFig. 5(a) shows the simulated power divisiatior
between the power stages (two FETs) and a NIChAdrequency decreases, more power is deliveretheo
NIC than to the power stages, which can reducddbp gain in the NIC below a threshold level reqdito
generate the negative impedance. If the output pesse W and the power gain of the main staged®83than
the power delivered to each NIC is 0.125-0.5 W s&rthe 6-18 GHz frequency band. To show the power
handling capability, we have simulated the largmal response of the NIC in Fig. 5(b). The negative
susceptance, which is required to cancel out thgtipe susceptance due to the large power-staget inp
capacitance, decreases rapidly as the power irgea@3ombining the results of Fig. 5 (a) and Fidp) 5it is
predicted that NIC will be no longer effective bsle- 6 GHz. So, it is expected that the effectiveqjfrency
range of the NIC in our PA is limited to 6-11 GHzcorresponding to the previously —mentiotiee-
frequency sub-band”.

Measurement Results:

A two-stage broadband PA with the proposed noneéfastcuit is fabricated using a commercial 0,2B-
GaN pHEMT foundry process. Fig. 6(a) is the dietpgoaph of the fabricated PA. As a reference, welaso
tested the PA without NIC. The tests were perforimgdRF probe under continuous wave conditions atekt
fixture with eutectic bonding was used for mitigatithe self-heating of the PA. The test fixtureswamposed
of a 5-mm-thick Au-plated Cu carrier and heat siith thermal grease. The drain bias voltage toRAeis 28
V while that to the NIC is 15 V. Fig. 6(b) showstmeasured small-signal gain with and without th€.N
Although the S11 and S22 remain almost same withveithout the NIC, S21 increases by up to 2 dBha t
withfHE.
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Fig. 6: (a) Fabricated chip photograph of the PA with N(&). Measured small-signal gain of the PA with and
without the NIC.
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Fig. 7: Measured performance of the proposed PA with aititbwt the NIC.

More meaningful improvement can be observed in thewer characteristics (Fig. 7) since NIC-based
interstage matching circuit is designed to provfie optimum load impedance to the driver stagdénlower-
frequency sub-band. With the NIC, the output poaed PAE improves by up to ~ 1.2 dB and ~ 4 %,
respectively, between 6 and 11 GHz. For exampl8, @Hz, the output power is increased from 38%@3
dBm and the PAE is improved by 4.5 %. The peak RAR3-21 % and the output power of 35.7-37.5 dBen a
achieved across the 6-18 GHz frequency bandwidtie ®©verall PAE degradation due to the power
consumption of NIC is estimated to be ~ 1.5 %. @abtompares the performance of our PA with thiegié
the-art DA and RMPA using GaN pHEMTSs. As the fidgmonstration of the negative-impedance matched
PA (NMPA), the results are
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Table I: Performance Comparison Of Gan Broadband Pas

Freq PAE (%) Pout(W) Gain(dB) Area

Ref. (GHz) Topology Process (mmz)

(6) 2-18 DA 0.25am 20-38 9-15 10-14 15.3
GaN

()] 2-20 DA 0.2um GaN 15-36 9.9-21.6 N/A 38

(8) 6-18 RMPA 0.25tm 14-24 3.2-20 17-28 19.25
GaN

9 6-18 RMPA 0.25:m 13-25 6-10 18-24 19.8
GaN

Thiswork |6-18 NMPA 0.25am 13-21 3.7-5.6 13.5-19.1 8.77
GaN

promising even though they do not match the bgsirted power and PAE data. One thing to note is tha
the overall die size was much smaller than theiptsvwork since NIC implementation was possibla ivery
small die size, and no lossy matching or feedbaa& required in our work.

Conclusion:

In this work, a non-Foster matched GaN PA has himreloped for multi-octave PA operation. The
bandwidth limitation due to high-Q matching hasrbagtigated through the use of a negative capawitamthe
inter-stage matching. Detailed analysis is perfatrtee understand the frequency limitation of NIC @agzzh,
which shows that high-frequency limit comes frone self resonance and the low-frequency limit frdra t
power handling capability. Non-Foster matchingviles a new perspective in designing broadband PAs.

REFERENCES

Ghadiri, A. et al., 2010.“Gain-enhanced distributed amplifier using negatiepacitance,|EEE Trans.
Circuits Syst. |, Reg. Papers, 57(11): 2834-2843.

Linvill, J., 1953. “Transistor negative impedancenverters,”Proc. IRE, 41(6): 725-729.

Park, Set al., 2014. “Broadband CMOS stacked power amplifiengiseconfigurable interstage network
for envelope tracking Application/EEE RFIC Symp. Dig., pp: 145-148.

Tade, O.et al., 2013.“Antenna bandwidth broadening with a negatimpedance converterfht. J.
Microw. Wirel. Tech., 5(3): 249-260.

Wu, Q. et al.,, 2013.“A —-189 dBc/Hz FOMT wide tuning range Kaand VCO using tunable negative
capacitance and inductance redistributidBEE RFIC Symp. Dig., pp: 199-202.



