JHU EE787 Fall 2008 MMIC Results

JHU MMIC Design EE787
Prof. John Penn and Dr. Michel Reece

Designs Fabricated by TriQuint Semiconductor
MWO Support by Gary Wray and Scott Maynard

TriQuint TQPED Library, and MWO
software used for student designs

Eight MMICs were designed by students for the Fall208U MMIC Design The
intent was to desiglow DC power consumptiocomponentgi.e. Battery poweredjor
use with theS-bandor C-bandwireless communications service (WG8)ndustrial,
scientific, andnedical (ISM) frequencie®All designs were tested in thate Springof
2009 after fabrication by TriQuint Semiconductor. The MMIC measurements compare
favorably to simulationsoverall, thedesigns were very successfél.couple of
conrectionerrorc r opped up | n desighseTwo dedignstom 28007weree a r 0
correctecandwerere-fabricatedalong with the 2008 design#\ | | designs wuse
TQPED process with 0.5 um PHEMTSs.

Overall,the designs worked well and are documenteavatig. With the high gain
of the PHEMT devices, stability can be difficult especially at low frequency. The Power
Amplifier by David Durachka was a little low in gain during the NWA measurements but
when measured with a signal generator and spectruryzanahe gain matched
simulations after adding some additional capacitance on the gate supply to quell a low
frequency problem. Another low noise amplifier showed some stability issues at a higher
frequency (~1.76 GHz), so itsgmrameters were only meaed at a lower DC bias and
gain point. Generallgmall signal parameters were close to simulationall designs
Output powers tended to becoupledB below predictions for the amplifier designs.

Thanks again to TriQuint, and Applied Wave ResearcHor their
wonderful support of the JHU EE787 MMIC Design Course.
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Medium PoweAmplifierd Matt Crowne
Phase Shifte€-bandi Mitesh Patel
Mixer S-Bandi Brendan McElrone
Power Amplifier Gbandi Ben Brawley

Low Noise Ampifier T Minhaj Raza
Small Signal Amplifieri Tom Pierce
Power AmplifierC-bandi D. Durachka
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Shawn Senmani Vector Modulator

A C-Band Vector Modulator was designed for &#0to 5350MHz WLAN and5725 to 5875
MHz ISMbands.Dur i ng testing, a mistake in the | ayout
attenuator closest to the large capacitor in theupght of the plot, does not have a ground connection.
The original layout had a metalO line from the PHEMT to the substrate via next to it, but it appears that in
massaging the layout, the trace must have been deteigvertently It even passed theVS checks
because of the way substrate vias are handi@r re-running LVS with a labeled substrate \tiag
LVSsoftwaren ot es t hat the via | abel e dAcdrrBcteddesigwasee- n ot
fabbed withthe JHU 2008 MM IC Design class fabricationThe RF match seemed reasonable at the two
ports. An attempt was made to measure a QPSK pattern at the nominal frequency by applying high and
low voltages to the I/Q inputs. The plots shows an approximate 180 degree shift but it tygpears
possibly only one of the two I/Q inputs was working. Testing should be revisited to see if it was a poor
connectioron one of the inputsr somethingvith the design
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BPSK Pattern Measuredat 5.6 GHz
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Distributed Amplifier 20074 Jeremy Stampfly

A broadband distributed amplifier was designethe fall 2007 clas® use relativelyittle DC
power. The design was measured to have decent broadband match but the gain was very low. During
design checks, the layout did not pass LVS checks, but the error message implied a problem in the gate
transmission line. The actual layout gate lwas simulated with Sonnet to verify that there were no
errors. Given the actual performance, another look discovered the missing connection and it was on the
other side of the chip at the drain transmission line. A metal2 connection to the last Ridfzberdid
not have a via2 layer to connect it to metall. There was a vial layer connecting down to metalO, rather
than up to metal2. Ra&mulations with ADS after removing the one connection contifar®rably to
| ast measwead dagalhecorreced desigrwasre-fabbed withthe 200BMMIC Design classand it
worked as simulated! Data was measured at 3.3V (~18 mA) and 3.6V (~25 mA) with the current closer to
simulations at the higher bias voltagep&ameters plotted for two die shown below ararly identical
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Ben Brawleyi Power Amp

A C-Band Power Amplifier was designed for the 51686350MHz WLAN and 5725 to 5875
MHz ISM bands. The desigmas intended for lower battery power consumption with good efficiency.
Two die were measured at 3.3V, 3.6V, and 3.9V for the first die. Gain was a little better with the second
die and bias current was a little higher and closer to the expected value. Shown are plots of measured da;
which corresponds well with the original sitations.
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Measured Power Amp 2 at 3.3V 11 mA, 3.6V 15 mA, and another die at 3.9V 14 mA.
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Minhaj Raza i Low Noise Amp
A Broad Band LowNoiseAmplifier was designed for approximately 1 to 3 GHz. The design

used two stages for higjain and feedback to get good bandwidBain was expected to be around 30

dB which is somewhat aggressive for a two stage and may have resulted in some stability issues around
1.76 GHz. Data was measured at a lower DC bias before the design brdké ogaillations(s21>12

dB). The plot shows an S11/S22 that is nearly positive with a 3.0¥BA bias (VGS=+0.50V), but at
another bias (1.5V 9mA, VGS=+0.55V), S11/S22 are very positive and there is a large gain spike. There
is measured data feaomePHEMTs from this fabrication, possibly a resimulation with measured data

may show a stability problem thaasnot show in the origingdi n o mi nal ¢ model si mul
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MeasuredLow Noise Amp showing stability issues mieband (~1.76 GHZz)

Plot of Low NoiseAmp
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Kang Yuani Voltage Controlled Oscillator

A C-Band Voltage Controlled Oscillator was designed for about 5.8 GHz nominal. The
oscillator worked well but was slightly high in frequency at the nominal 2V bias, so an additional bias at
1.5V was meased which was quite close to the desired 5.8 GHz. Tuning range was good with the
varactor varied from0.5V to +1.0V. Only positive voltages on the varactor were measured for the 1.5V
case but presumably the negative varactor settings would have pravittedmore tuning range below
5.85 GHz. Output power was nominally 6.5 dBm at the 2V 16 mA bias (~1.5 dB cable/probe loss) and
about 4.33 dBm at the 1.5V 15 mA bias.

MWO VCC 2V at 15mA Die #2
VBias (V) Freq (GHz Pout(ms) Pout(corr)
-0.5 6.087 5.0 6.5
-0.4 6.090 5.0 6.5
-0.3 6.092 5.0 6.5 Pout measured ~2.83 dbm
-0.2 6.095 5.0 6.5 ADSVCO 15V at 18mA Die #2
-0.1 6.098 5.0 6.5 VBias (V) Freq (GHz Pout(ms) Pout(corr)
0.0 6.107 5.0 6.5 00 5.848 2.8 4.3
0.1 6.111 5.0 6.5 01 5.852 28 4.3
0.2 6.116 5.0 6.5 0.2 5.860 2.8 4.3
0.3 6.128 5.0 6.5 0.3 5.872 2.8 4.3
0.4 6.188 5.0 6.5 04 5.948 2.8 4.3
0.5 6.197 5.0 6.5 05 5.963 2.8 4.3
0.6 6.205 5.0 6.5 0.6 5.975 2.8 4.3
0.7 6.211 5.0 6.5 07 5.990 28 4.3
0.8 6.217 5.0 6.5 0.8 6.062 2.8 4.3
0.9 6.223 5.0 6.5 09 6.083 2.8 4.3
1.0 6.231 5.0 6.5 10 6.107 2.8 4.3
VCO Freqg vs. Tune Voltage
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Mitesh PatelT 3-bit Phase Shifter

A C-Band 3bit phase shifter was designed for the 5&58350MHz WLAN and 5725 to
5875 MHz ISM bands. Since the PHEMT switches use virtually zero DC power, the phase shifter is
extremely low in power consumption. Measuretaeri the 8 phase states were taken and retaken at a
couple of points where it appeared that the DC or RF probes were not making a good contact and were
indicating higher losses than it should have. Attached is a plot of the measured data. The 453800 and
bits were pretty close to the expected phase shifts.
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Measured States of Phase Shifter
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MeasuredInsertion Loss of Phase Shifter (all states)
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Plot of 3-bit Phase Shifter

Phase Shifter
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Matt Crowne i Medium Power Amp

A C Band Medium Power Amplifier was designed for approximately 5 to 6 GHz. The design
used two stages for high gain with good bandwidth. The Emode PHEMTs were biased at about 0.6V and
0.7V VGS with 45 mA and 89 mA of bias with 3.3V Vdd supply. There appears to be a marginal
stability problem near 5.4 GHz as seen in the plots. At the higher gain/DC bias points, both S11 and S22
are starting to go positive with a 50 ohm load. The match does shioe laroadband response. Possibly
a small tweak to the design could bring the passband down to the desired range and improve the stability.

AMPS2.M: MEDIUM POWER AMP MATT CROWNE FALLO8

20 F F "\ F X:5.99
15

10

5

Olmsssnwrann

5

m— dB S11 MPA3314 [T
mm=m== dB S11 MPA33I8
m——— dB S22 MPA3314 |-+

dB S22 MPA33I8

-10 ¥ *
15 Vi / S11 N/

‘.I~\~.

20 ) ¥ - == 4B S21 MPA3314 | |
‘y « 5763 === (B S21 MPA33I8
I "‘ Y:-20.29 | 3 I
_25 [ [
3 4 5 6 7 8 9 10
gEE-CAD Frequency in GHz 05/27/09 6:25 AM

Measured Gain and Return Loss of Medium Power Amplifier (3.3V 4/8mA)

Layout of Medium Power Amplifier




Brendan McElrone i Mixer S-Band

A lumped element rat race hybrid is used to create an up/down passive diode mikandt S
The IF is intended to be about 100 MHz with an RF between 2.3 to 2.5 GHz and an LO from 2.2 to 2.6
Ghz. Conversion loss was measui@tie aboutl2 dB for down conversion with a 2.4 GHz LO and RF
at 2.3 and 2.5 GHz for a 100 MHz IEonversion loss was higher without forward biasing the diodes
(~0.6V at 2 mA), as expected, also the forward bias made the conversion loss less sehsXipewer
levels. An LO power of about +7 dBm waptimalfor best conversion lossThe mixer was measured as
an up and a down converter. Changing the IF frequency from 10 Mhz to a few hundred MHz seemed to
have about the same conversion loss

6/4/09 Re-measured

LO IF LOlso/coriRFIso/Loss
7 -28.00 -3.67 -26
LO IF LO(corr) ConvLoss
6 -36.67 4.35 -25.72
7 -30.00 5.35 -19.05
8 -28.17 6.35 -17.22
9 -28.50 7.35 -17.55
10 -29.00 8.35 -18.05
11 -29.17 9.35 -18.22
LO IF LOlso/coriRFIso/Loss
8 -26.50 -5 -28.5
LO IF LO(corr) ConvLoss
6 -34.50 4.35 -23.55
7 -29.33 5.35 -18.38
8 -26.00 6.35 -15.05
9 -25.17 7.35 -14.22
10 -24.83 8.35 -13.88
11 -25.00 9.35 -14.05

with bias _0.6V ~2mA
Down Conversion

IF(w/bias) ConvLoss

-30.83
-27.00
-25.50
-25.00
-24.67
-24.33

Up Conversion

-19.88
-16.05
-14.55
-14.05
-13.72
-13.38

IF(w/bias) ConvLoss

-23.83
-23.50
-23.33
-23.17
-23.17
-23.17

-12.88
-12.55
-12.38
-12.22
-12.22
-12.22

jhu08mix Loss vs. LO Power

IF Loss ~0.2dB at 100 mHz; RF loss ~0.75 dB at 2.4 GHz; LO loss 1.65 dB
2.4GHz RF -10 dBm, 2.3 GHz LO IF =100MHz
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David Durachka i Power Amplifier C-band

A C Band Medium Power Amplifier was designed for approximately 5 to 6 GHz. The
design used two stages for high gain with good bandwidtlaaual of 20 dbm (100 mW) output power.
This amplifier used Dmode PHEMT-81ltdAV\gsdathé V fiba
gate. The gate could be biased at OV to avoid requiring a negative supply-fhdthgate supply.
There were somlow frequency problems probing the Power Amp design so the gain in the small signal
network analyzer measurements is a bit lower than it should be. Measurements of power out vs. power in
using a signal generator and spectrum analyzer showed somedoerfog oscillations which were
guelled with an extra capacitor on the gate supply. Gain was very close to simulations and the current
bias was much closer to expected. Power out, and efficiencygeer@ as shown following.

Layout of C-Band Power Amplifier

D Mode Power Amps--5.8 GHz at 3.6 V

Stability issues at low frequency, OK during Pout measurrement 3.0 dB loss on thru plus 2 dB on extra output cab

5.8 GHz Die#l PA1 GHz Dmode Fall08 TQPED vgs=0v 3.6V ; 105 mA

Pin(SG) Pout(SA) Pin(corr)  Pout(corr) Gain 11(3.6V) PDC(mw) Pout(mw) Drn Eff PAE
-5.0 7.67 -6.50 11.17 17.67 105 378.0 13.09 35 3.4
-3.0 9.83 -4.50 13.33 17.83 106 381.6 21.53 5.6 5.5
-1.0 11.83 -2.50 15.33 17.83 106 381.6 34.12 8.9 8.8
1.0 13.83 -0.50 17.33 17.83 106 381.6 54.08 14.2 13.9
3.0 15.67 1.50 19.17 17.67 106 381.6 82.60 21.6 21.3
5.0 16.67 3.50 20.17 16.67 108 388.8 103.99 26.7 26.2
7.0 17.50 5.50 21.00 15.50 112 403.2 125.89 31.2 30.3

Measured Performance of Power Amp
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Class Design Examples: Low Noise Amplifier and Power Amplifie(4 GHz) by John Penn

During the course the students are shown a design example of a low noise amplifier and a medium
power amplifier at 4 GHz. In previous years, layouts were completed for the LNA and PA design in
Agil ent s ADS an dce MVEQ on a single 6D x @0wnd diee(54 @ S4faiter dicing) using
Tri Quintods TQOTRXInROBESStReH NA gnd RA®@a@mmpes weredesigned using ADS
and Tri Quintds 0. .5Anather vérdibk dflthe sariieQRAWAS designed in 2008 using
Microwave Office (MWO) and it compared nearly identically with the previous ADS design which was
refabbed. The same components were used but the layout and interconnect varies slightly.

The parasitic extracted layout in MWO matched the measurementsAttelimpting to add the
interconnect and model it is microstrip did not compare as well. As in past years, output power and
efficiency was less than predicted by the Dmode PHEMT model.

The Low Noise Amplifier showed very good agreement between AB&MWO simulations and
measurements. When the Noise Figure meter was used to measure gain and noise figure of the LNA, a
through connection was used to subtract out losses for the measurehemeswas good agreement
between measured and predicted noiseréigthough the gain was a little lower than simulated.

Other test circuits were also designed to be used for future lectures and class examples.

. PA4_S2P_EXT o R
3.984 GHz
DB(|S(1.1)]) " DB(|S(1.1
16.88 dB EF'ASLI (b PASLIE§<T4)D
15 ©-0B(S22)) “ DB(SE. 1))
PA4 PA4EXT4
10 3.976 GHz FOB(SE2.1)) T DB(ISR.2))
1461 dB PA4_EXT  PA4EXT4
5 DB(S(1,1))
. PA4_EXT
$3992GHz 1 13971 GHzZ
0 |w., -3.664dB |1 424308
-5
-10
-15
4.001 GHz || % 7/ [3.985GHz
-20 : 3 ;
-24 dB \\z{i -20.39 dB
25 -
0 2 4 6 8
Frequency (GHz)

Good Agreement Between Measured anBarastic Extracted Simulation(MWO ) for LNA at 5.0V
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Measurementsof LNA4 S11MWO and ADS Layouts (2 die each, 6V Vss)




A0 ................ 5

| — — 7. ________________ —_— —

AMPS. M LNA 4.0G DMODE OLD WYERSION FALLDS S22 MATCH
0 v g T ] J :

m— B 522 LNA4VA

20_ ................ - . (5% SRR 522 LNAGh S -
) : : e (B 522 LNASYVED
dB 522 LNA4CS0
: : : : m— B 522 LNA4B4
5L TR . K : dB 522 LNA4BAS | _
: : ; : - B 522 LNA4BS0
“““ v dB 522 LNA4DS0
30 i i i
1 2 6 7 8
gEE-CAD Frequency in GHz 05/08/09 7:57 AM

14.00
13.00
12.00
11.00
10.00
9.00
8.00
%.DD
6.00
5.00
4.00
3.00
2.00
1.00
0.00

Measurementsof LNA4 S22MWO and ADS Layouts (2 die each, &V Vss)

LNA4 Sim vs. Meas -- Corrected with 08 Thru
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Layout of JHUOSLN4: 4 GHz LNA MWO & ADS, plus 1.8-2.4GLNA (54 mil x 84 mil)
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Schematicof 4 GHz PA MWO with Extracted Interconnect
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Layout of 4 GHz LNA with MWO (Extracted Parasitic Simulation)




Performance (PAE, Pout, Gainof Power Amplifier Design at4.0V DC Bias and 4.0 GHz

D Mode Power Amps--4.0 GHz example at 4.0 V

Measured better at | oweloss ¥ 0dBfoatlye s é
4 GHz Die#l PA4 GHz Dmode Fall06 TOPED 4.0V ; 37 mA Middle DIE vgs=-0.1V
Pin(SG) Pout(SA) Pin(corr) Pout(corr) Gain I1‘4.0V2 PDC(mw) Pout(mw) Drn Eff
-15.0 -2.50 -15.85 -1.75 14.10 37 148.0 0.67 05
-10.0 2.67 -10.85 342 14.27 37 148.0 2.20 15
-5.0 7.83 -5.85 8.58 14.43 37 148.0 7.21 49
-2.0 10.83 -2.85 11.58 14.43 37 148.0 14.39 9.7
0.0 12.67 -0.85 1342 14.27 37 148.0 21.98 14.9
1.0 13.50 0.15 14.25 14.10 37 148.0 26.61 18.0
20 14.00 1.15 14.75 13.60 37 148.0 29.85 20.2
3.0 14.50 2.15 15.25 13.10 38 152.0 33.50 22.0
40 14.83 3.15 15.58 12.43 39 156.0 36.14 23.2
5.0 15.00 4.15 15.75 11.60 40 160.0 37.58 235
PA4 Meas 08
Dmode 4 GHz 4.0V
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PA4 Pout, Gain, PAE vs. Pin
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Measurementsof PA4 Gain (3.6, 4.0, & 4.5 V Vss)
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Measurements of A4 Match (3.6, 4.0, & 4.5 V Vss)




Class Design Examples: Low Noise Amplifier 1.8 to 2.4 GHz by John Penn

A low noise amplifier was designed for use from 1.8 to 2.4 GHz using inexpensive CAbtools
linear simulation and layout. ICED, which is now ofserurce, was used for manual layout of the design
which was design rule checked and layout versus schematic checked to a netlist generated for the
amplifier. GeeCAD created by Dr. Lee Edwards ahdrt§ Cheng is used by many students in the Johns
Hopkins University Engineering Program for professionals. GeeCAD operates with the student version
of Matlab. Simulations of thegarameters and noise figure data were performed using data files
providedby TriQuint for their Emode 0.5 um PHEMTSs for the TQPED GaAs process. TriQuint also has
a simple inductor model calculator which was used to improve the idig@l simulations by generating
lumped element models for the five lossy inductors useckidéisign. Other simple inexpensive linear
simulation tools could be used besides GeeCAD. For comparison, the same design was simulated with
MWO, ADS, and the physical layout was EM simulated with Sonnet. Measurements were taken at 3.6,
4.0, and 4.4V ab mA for comparison to the simulations. The data file was for 3V at 4.4 mA which is
comparable to these measurements when you factor in the voltage drop for a series stabilizing resistor on
the drain of the PHEMT and also a shunt stabilizing resistorwhiéi st eal s0 a coupl e o
large capacitor could be used on this shunt resistor to provide an RF ground while reducing the overall
power consumption.

|
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|
#
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Layout of 1.8 to 2.4 GHz Low Noise Amplified Layout with ICED
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Return Loss s11/s22 01.8to0 2.4 GHz Low Noise Amplifie® Measured 3.6, 4.0, 4.4V




20

AMPS.M: LNA 1.8,.4G GEECAD CHEAP GAIN
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Gain s21 ofl1.8 to 2.4 GHz Low Noise Amplified Measured 3.6, 4.0, 4.4V
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m4

15 Z[freq=2-100GHz

dB(S(2,1))=9.330
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Measured vs. Simulated 1.8 to 2.4 GHz Low Noise AmplififADS Sim)







