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SUMMARY

Wireless operation, nedield or farfield, is a core functionality of any mobile or
autonomous systenThese systems afgattery operated or most often iz energy
scavenging as a means of power generationited access to power, expected long and
uninterrupted operation, and constrained physical parameters (e.g. weight and size),
which limit overall power harvesting capabilities, are factors that @uthie importance
for innovative lowpower approaches and designs in advancedplomer wireless
applications. Low-power approaches beconespecially important for the wireless
transceiver, the block in charge wireles¢gremotefunctionality of the systemas this
block is usually the most power hungry component in an integratednsgstchip
(SaC). Three such advanced applications with stringent power requirensats
examinedincluding spacéased exploratory remote sensing probes and their associated
radiation effects, millimetewave phasedarray radar for highaltitude tactical and
geological imagingand implantable biomedical devic@sDs) leading to the proposal
and implementation of loypower wireless solutions for these application€MOS and
SiGe BICMOS platforms.

Spacebased probes such as Mars exploration rovers (MibStoperateunder
serious power drajnwhile autonomously collectingnd wirelessly transniihg data
using farfield telemetry schemes, consumitige limited power provided ybenegy
scavenging (e.g., solaand/or weight and size limitdaatteries Since battery renewal of
a deployed probe is not an option, for obvious reasons, and the power available from
energy scavenging is limited and subjiecawide rangeof constraing, sucha system can
profoundly benefit from lowpower designs Furthermore, the use of lepower

approaches will naturigl address nssion payload size, weighand power (SWaPR)



which are key driving constraints not only in mission cost, utmission sience
capabilities. It is important to note that due to harsh nature of space based environments
the robust operation of these wireless systamextremeenvironmentsmainly under
intense radiationmust also be addresseSimilar arguments can also lbeade for the
second area of interest, higliitude phase@rray imaging radars.

In the case of IMDs, a battery or a wireless power transfer link is usually in
charge of providing the power needed to operate the electronibsand. Since this
system, alng with the battery, is implanted in a patient, the need to perform surgery for
the sake of battery replacement makes this replacement highly impractical. Therefore,
designs that reduce the power consumption of the system, and thus, allow for a longer
duration of uninterrupted operation with the same battery, are highly desirable. In
addition, the lower power consumption of such systems relaxes requirements on power

efficiency or maximum deliverable power for any wireless power transfer link.

Major acconplishments are listed below:

1 Developeda novel design procedure for lewltage lowpower LNAs utilizing
weakly saturated SiGe HBTs while identifying design tradeaffdesigning with
weakly saturated SiGe HBTd$n addition, ésigned and characterizad.0 V, 106
22 GHz, 4 mWLNA utilizing weakly saiturated SiGe HBTSs for singlhip, low-
power, remote sensingpplicationsand a&hieveda 4 mWrecord lowestpower

reported wideband LNA spanning X, K, Ku bandd ]

1 Designed a CMOSuls generator and investigateatal ionizing doseeffects

aimed atow-power spacdasedhigh-altitude remote sensing applicatiof,[3]

1 Designed a SiGe HBT Gaussian mulgenerator and inviégated total ionizing

dose effects aimed at lowower spacéased/higkaltitude remote sensing

Xiv



applicationsIn addition, onducted comparative study of CMOS and SiGe pulse

generatorg[4], [5]

Dedgned and characterizedwo compact, lowPower, singleended and

differential SiGe Wband LNAsfor phased array radar applicaticersd &hieved

lowest power reported Wand LNA (8.8 mW from 2.2 V)and lowest NF

reportedW-band LNA (4.2 dB at 94 GHz) implmented in a technology with
fr/fmax Of equal or less than 300<350 GHE]

Proposed and developed novel modulation technique named Pulse Harmonic
Modulation (PHM) for wideband nedield data telemetry in high €actor links
In addition, e@veloped timelomain theoretical analysis for data telemetry

inductive links [7],[8]

Designed and characterizedoav-power pulse harmonic modulation transceiver

achieving a record higdata rate of 10.2 Mbpg], [10]

XV



CHAPTER |

SPACE-BASED EXPLORATORY REMOTE SENSING



1.1. Introduction

Robotic explorations of Mars have been in motion since the 1970s, as evidenced
by the successfuviking, Pathfinder, and Mars Exploration Rover (MER) missions,
laying the ground work needed for eventual human explordtidf[13]. Mission
payload size, weight, and power (SWalPe key driving constraints not only in mission
cost, but in mission science capabilities. Advances in integrated circuit (IC) technology
can naturally address SWaP goals, but with the caveat that robust performance in
radiatiorintense and widéemperatire range extreme environments must be adequately
dealt with to ensure mission reliability. The classical paradigm for conducting such
mi ssions im ebettyorai &wabio thedthrde \BaBples cited. g .
above), but this has serious digadtages in SWaP goals and forces a centralized
electronicsarchitecture, whiclis not always optimal for satisfying mission science goals
[14].

Wireless communications, including both rotesrover and roveto-orbit, are
an essential function of any such robotic exploration mission, and apesateunder
serious power drain constraints while collectangd wirelessly transntihg data using
the limited power proded by energy scavenging (esplar or RF)or small batteries.
UHF transceivers currently equipping the Spirit and Opportunity MERs weigh as much
as 2 kg, with a size of 2000 érmnd consume approximately 45 W of poiiss]. These
MERs, in total, have anassof 185 kg and measure about 3 thatresults in only one
rover per launch, thereby limiting the surface exploration of the planet to only two sites
[16]. Such systems can benefit from higel§icient low-powerdesign techniques.

A brief overview of SiGe HBT BiCMOS technology and radiation effects in

space environments will follow.



1.1.1. Radiation Effects in Space Environment

Highly energetic particles that are extremely harmful for electronics systems
dominatet he skies above earthoés protecthd ve
space radiation environment is a highly dynamic one. ,Tthes consideratios for
different space missions can differ based on variablesh as the duration of the orbit,
currentsolar cycle, the orbital path, and altitude of a cragtan example he Van Allen
radiation belts arise from the magnetosphere of the earth, which traps cpartields
ejectedfrom the sun (solar windsjorming a plasma toruarourd the earth, as ea in
Fig. 4. These belts are composed of trapped electrons, protons, arehéogy heawy
ions thatgyrae and traverse along magneticdidines. Trapped electrons and protons,

which can have very large energies, are the primary concern for orbitabeies.

, : Blasma Sheet _
The Earth’s Magnetasphere [Z7 Radiation Belts

Plasmasphere
Magnetosheath oe—
- .\
Lobe Region =

Polar Cusp Plasma Sheet
Polar Cusp - ey

~—

; Earth

: r—"ﬁ‘zﬁl“— Radii [Rg]

Geosynchronous
Orbit

Van Allen / \ Earth's Geomagnelic
Ra(lj__atim]_gpbts/ I Field Lines —

Magnetopause 7

/ 3 Magnetotail
Bow Shock

Fig. 1. Van Allen belts surrounding the earth, fueled by solar windsnd held in place by the earth's
magnetic field.[17] 3



To guarantee that the electronicstorard satellites, robot exploration probes, and
other space bound systems will have a robust operation in this extremely harsh
environment, a detailed understanding of the radiation sources and their ioevatt
electronics on the device level, circuit level, and finally system level is essential. This
allows researchers on each level to independently investigate methods of mitigating and
overcoming these radiation effects leading to a radidtaod degin that can withstand

the harsh environment in space and operate robustly regardless.

1.1.2. SiGe HBT BIiCMOS Technology Overview

The silicorgermanium heterojunction bipolar transistor (SiGe HBT) is the first
practical bandgapngineered device to be realizedsiticon, and effectively combines
transistor performance competitive with-Wltechnologies with the econorof-scale of
conventional silicon IC manufacturing. Since the first demonstration of a functional
transistor in 1987, SiGe teablogy has enterechanufacturingacross the world, and is
currently making irroads in a number of venues associated with the global electronics
infrastructure.

In many ways SiGe HBTSs represerihe ideal mixedsignal device. SiGe HBTs
possessexcellent frequency responsé aseful breakdown voltages, extremely large
transconductance per unit area, very high gain, very low output conductance, very low
broadband noise, very low 1/f noise, very low phase/jitter noise, good RF linearity,
excellent power handling capability, eatnely high current drive, good thermally
stability, the ability to operate across very wide temperature ranges (4K to 300C), and
inherent tolerance to ionizing radiation. All at very conservative lithographic nodes
(typically with a twoegeneration advange over CMOS at fixed performance).
Importantly, SiGe HBTs can also be easily integrated into core fotaminpatible
CMOS platforms to address an optimal HBT/CMOS division of labor for highly



integrated electronic systems. At the stafi¢heart, SiGe HHEs exhibit frequency
response above 300 GHz at 300K (at 130 nm), and abovieatineeraHertz (500 GHz)
at cryogenic temperatures, with significant untapped performance remaining.

Integrated circuits (ICs) fabricated in SiGe HBT BiCMOS technology areedili
in a wide range of applicationscluding but not limited tpglobal positioning systems
(GPS), cellular handsets, wireless local area networks (WLAN) building blocks, and
radar systems in the 3 GHz to 77 GHz frequency r@b8and mmW imaging. Fig. 2
provides a visual overview of thepplication frequency bands for SiGe HBT BIiCMOS
technology.

The current and projectded and fnax values for SiGe HBT devices provided by
different foundries are displayed in Fig. 3. Theraase offha Up to several hundred
gigahertz demonstrates the capability of this technology to prowdermat such high
frequencies thas crucial for practical applications. The overall increasing trerigland
fmax @are a result of advancements iavite scaling methods and advanced fabrication

techniques.
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1.2. A10YV, 1022 GHz, 4mW LNA Utilizing Weakly Saturated
SiGe HBTs for SingleChip, Low-Power, Remote Sensing

Applications

Development of advanced radar systems for emerging remote sensing
applications necessitates neggneration receivers with wideband frequency capabilities.
Furthermore, limited access to power in such applications, due to autonomous operation,
together with constrained physical parameters (e.g., weight and size), whicbviemall
power harvesting capabilities, requires a receiver system with-loWrapower
consumption. The first active building block in such a receiver chain is the low noise
amplifier (LNA), the performance of which (e.g., input matching, NF, and der)a
critical impact on the overall system performance. The proposatiVALNA, with its
wideband coverage that spansbxnd (812 GHz), Kuband (1218 GHz), and Kband
(18-26.5 GHz), make it an ideal match for aerial and sjp@sed pulsed radars aimed at
remote sensing applicationgig. 4 displays an example of such a tactical aerial remote
sensing application that requires whoa power consumption.

Conventional radar transceiver (TR) modules are designed using discrete
components, making them veppwer inefficient. In addition, the sensitivity of these

discrete components to power supply, temperature, and process variations can limit the

- /

/
/

& P

RADAR ENERGY STORAGE

MATERIAL

Fig. 4. DARPA ISIS Program vision: Lockheed Martin High Altitude Airship concept. [20]
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performance of the TR21]
Integrated singkehip radar systems enable high parfance within a compact form
factor, as well as reduced power consumption.

Low power LNAs implemented in a variety of platforms have been reported, with
llI-V technologies (e.g., IRPIEMT), presently leading in performance with sub
milliwatt power consumiion and NF of less than 2.0 dB2]. Despite the attractive low
power performance of such-M technologies, the associated high cost, driven mainly by
low vyield, and more importantly their incompatibility Wwitthe integration levels
associated with standard CMOS processes, hinders their application in systems. Silicon
germanium (SiGe) technology is an attractive candidate to satisfy both high performance
and low cost constraints. SiGe heterojunction bipolandistors (HBTs) offer a
dramatically higher performance compared to conventional Si bipolar junction transistors
(BJTs) as a result of bandgap engineering, while maintaining strict compatibility with
low-cost CMOS implementatiorj$9]. However, lowpower and lowvoltage constraints
must first be addressed in the design methodology.

The present work demonstrates the design ofva 10-22 GHz, 4mW LNA in
SiGe BICMOS technology, by utilizing the modest pawer performance of @akly
saturated HBTs. Weaklyaturated SiGe HBTs have been shown to demonstrate
decreased but still acceptable levels of power gain, along with good noise performance
and favorable characteristics under {teanperature operatiof23]. The TV supply
operation of the proposed LNA paves the way towards such a-simgleinexpensive,

low-power receiver for portable wideband digital radars.



1.2.1. LNA Design

The propsed LNA is depicted in Fig. &long wth a die micograph in Fig. 6
and consists of two stages. The first stage, consistir@; pand Q,,, adopts a current
reuse topology to take advantage of simultaneous noise and power matching under a
reduced power budget. A curramtuse amplifier, in essence, is qoused of two
commonemitter (CE) amplifiers that are stacked in order to use the same bias duarrent.
Fig. 5 the input signal, after passing through the first CE st@gg, (s routed to the base
of Qqp throughC. (L14 provides andac open) and thus iamplified by the second CE
stage C. provides anac ground at the emitter oRip). As a result, a curremeuse
amplifier provides nearly twice the gain of a cascode amplifier at the same bias current
and voltage supply, thus improving the overall gainldRaf the LNA, when used as the
first stage. This makes it an especially attractive choice foiplower design; however, it
is known to suffer from poor reverse isolation. To improve the overall reverse isolation as
well as to improve gain, the seconége of the LNA Q2 Q2p) IS implemented as a

cascode topology.

Fig. 5. 1-V LNA circuit schematic consisting of a currentreuse and a cascode topology for the 1st
and 2nd stages, respectively



Fig. 6. Die micrograph of the SiGe 1V wideband LNA.

Power and noise matching were accomplished using the guidelines described in
[19], which includes optimizing;.6 s col | ect orJ) fouoptimalNRandd e n s i t
gain. Furthermore, since the two lower HBT3{ and Q.,) are intentionally biased in
weak saturation, to allow for the intended lgwltage operation, it is important to take
into account additional considerations to capture the effects of changmdldotor
emitter voltage Ycg) on gain and noise. Due to tlde configuration of the vertically
stacked topologies (including curremiuse and cascode), if an equal basatter voltage
(Vee) is assumed for both devices, in this c@sgandQup, Vce for Q15 will be lower than
the supply voltageMcc) by aVge, when the base @y is tied toVec.

Fig. 7 displays the 165Hz maximum gain under ideal matching conditions
(Gmay, Minimum noise figureNFmin), andJ; versusVge for a stanealonenpnSiGe HBT,
in which Vce has been set to @.0-Vgg) voltage value to account for theVltarget
supply and the resulting changesvike with sweepingvge. In other wordsYce decreases

from 300 mV to 100 mV as a result of sweepwig from 700 mV to 900 mV. A¥/ge
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increases from 700 mV the HBT gradually moves into weak saturation, reacGing a
peak value of 11.9 dB, iRig. 7, at aVge of 830 mV {/ce of 170 mV), with aJ; value of
2.5 mA/unf (peakfr). IncreasingVse further results in a sharp draff in gain asthe

device becomes increasingly saturated.

12 . 5
Gmax A .ﬁﬂﬁ\ v
o 10 NFmin v . 0 OH—\’ N
T | kO j Ay <
L 8 R ' 'I/’
£ ' _,@g 33
w6l Optimum ! "<"'
Z VBE for—b' A 2 E
NFmin and J. ¢ =
X @/ u
£ 9 Jo 11 -
o AEW'A%-B‘V&_?WM:%/M@#;?WJ ‘\VCE= VCC-VBE
02D o o i ,_vee=1v_ g
700 750 900

Base- Emltter Voltage (mV)

Fig. 7. Simulated 16 GHz Gpax NFmin, and J; versusVge for the first device in the signd path in
current reuse or cascde topologies Q.. and Q,,) with 1-V supply.

It is important to note that in a traditional LNA design procedure, with sufficient
voltage headroom and with the devices operating in forward active rGadewould
continue to rise with/ge beyond what is dplayed inFig. 7. In this case a peak of more
than 20 dB at av/ge of more than 900 mV (peak) is obtained by exponentially
increasing |l by an order of magnitudeNFn,, on the other hand, will remain
approximately constant and instead begin to incrédegrade) with increasingge of
more than 900 mV (pedk). This contrast essentially represents the voltzajepower
tradeoff for designing SiGe HBT LNAs using weakly saturated devices. A lower device
level gain, at an exponentially lower current aamgption and supply voltage, can be

compensated by the use of a msttige design topology, which if optimized for power,
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can result in significantly lower total power consumption at a constant total gain and
noise performance. However, this lower powensonption comes at the cost of
degradation in linearity due to the physical properties of the saturated SIGEB|Ehd

the multistage design topology. Furthermore, due to the sharpadfdp gain with
increasedVgg, as seen irFig. 7, the design sensitivity to bias variations increases
significantly.

Fig. 7 provides essential information for selecting Whe of Q15 and Qz.. Since
Q14 is the first active device in the signal palfse is chosen at 816 mVhiorder to
minimize NFnyi, and J; (power consumption) while maintaining a safe margin from the
Gmax drop-off to assure a robust design, resulting in a chosen valie=ol.5 mA/unf.
Emitter length g) for Q4 was selected as 6.5 pm to match the optimwuarce
resistanceRsop) t 0 [19. ThisYesults in a collector current of 2.53 mAif Fig. 5
for a doubleemitter device with each emitter widti) being 0.13 pum. Furthermork,
andL, are designed to 65 pH and 100 pH, respectively, faenand power matchinge
andLy are implemented as microstrip lines due to their inductor value scalability and high
accuracy.

As for the second stagé, (for Q., and Qzp) Was designed based on the process
utilized for the I stage, since thdc configuration of both stages is similar. However,
design of the 2ndtage (i.e., setting., device sizes, and the output RLC resonant load)
was aimed at achieving the target gain and bandwidth, unlike design dstagelwhere
NFmin and Sy1, Were the primar target specifications. This results in "4 &agel. (12 in
Fig. 5 of 1.47 mA, and.g of 3 um, adding up to a total current consumption of only 4
mA from a }V supply. Finally, the output resonant load component valués andC;
are designed at 28tH and 100 fF, respectively, with a reduced quality factor as a result
of an added 10 &) ufed fohtherenhanceenent o wideband(response.
Importantly, careful consideration was attended during layout for minimal parasitics

through the amigier.
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1.2.2. Measurement Results

The 1V wideband LNA was implemented in a commerciahailable 0.13 pum,
250-GHz peakft SiGe HBT BICMOS technology, with core (without pads) and die sizes
of 0.1 mnf and 0.68 mrh respectively(Fig. 6. The amplifier was chacterized on
wafer with probdevel calibration in an RF shielded room. Thep@ameters were
measured usingahgi | ent E836 3B RoNe\figureavasdmeastred using Y
a coldsource noise parameter method with Focus Microwaves automated tuners and
software along with an Agilent E4446A spectrum analyzer.

Fig. 8 displays the measured and simulated g&n) (@and NF of the designed
LNA. It can be seen that a measufgdof 15.5 dB is achieved at 16 GHz, whig has
less than-3 dB variation across 10 GHz to 22 GHz, reasonably consistent with the
simulated results. TheF is measured at 3.4 dB at 16 GHz,itNF at 20 GHz and 22
GHz could not be measured due to limitations in the noise measurement setup; however,
close agreement between measured and simuldtedillows for a reasonabl®&F

projection of 4.4 dB at 22 GHz.

18 —E-soiem) |

——— 821(Meas)

4 6 8 10 12 14 16 18 20 22 24 26 28 30
Frequency (GHz)

Fig. 8. Measurement and simulation results: (b) Gain$,1), NF, and NF,;, across frequency
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It should be noted that the diffei@nin NF andNFy,, values in the lower half of
the operating range (106 GHz) is due to an intentional design tradeoff of noise for
wideband input matchindNF and NF,, values differ by less than 0.1 dB for the upper
half of the operating range (& GHz).

The measured input reflection coefficieBii§ of the LNA is shown in Fig. @&nd
is well-matched to below7.5 dB over the entire operation band of2ZBDGHz (9 dB at
16 GHz). The measure®; upwards spike at 102 GHz and the simulatien
measuremdanmismatch inNF at the same frequencies are as a result poor reverse
isolation at the output of the first stage, which causes the input matching to be very
sensitive to the values of elements at this output, espetillysince the LNA is not
designed dr standalone functionality and is aimed for use in an integrated Rx module
where conjugate intdslock matching will be implemented (or a simple lpawer
output buffercan be implemented), 8 mat chi ng was not % desi g
is presented here only for the sake of completeness of the reported results (e.g., to show

low-frequency stability of the design).

S11, S2, (dB)
)

-10
12— Sy(Meas) T -
14 S11(Sim) RV
16 —o— S2(Meas) s
B 8 “@“Szz(Sim)
6 8 101214 16 18 20 22 24 26 28 30
Frequency (GHz)

Fig. 9. Measurement and simulation results for input and output reflection coefficient$;; and S,,)
across frequency
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Fig. 10presents the measur8g for half-bandwidth functionality of the designed
LNA, when the second stage current is reduced to 0.52 mA from 1.47 mA as a result of

reduction in 3 stage gain which was optimized for increased bandwidth.

— Sy (FU" BW)
—©— S21 (Half BW)

6 8 10121416 18 20 22 24 26 28 30
Frequency (GHz)

Fig. 10. Measured @in (S;y) across frequency for fultbandwidth mode (1622 GHz) and half
bandwidth mode (1016 GHz).

Finally, theOP;4g and OIP3 of the LNA were measured to b22 dBm and-17
dBm, respectively. Stringent linearity requirement are imposed on the LNA -dupléx
radar transceivers that use the same antenna for simultaneous transmit and receive
operation. Due to this simultaneous operation (leakage), theses @@asusceptible to
cross modulation distortion of undesired signals in the receive [2dijdHalf-duplex
(pulsed) transceivers, on the other hand, which only transmit or receive at any given time,
d o n 0 tthishst@ingent criteriof25]. As a result, linearity can be traded off, to a certain
extent, for lowcurrent/voltage operation by using saturated HBTs and a-statjie

design topology.
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1.2.3. Summary

A wideband lav-voltage/power SiGe HBT LNA is implemented aimed at

integrated pulsed radar systems for remote sensing applications. The LNA design consists

of a currentreuse ' stage and a cascod® 8tage. 1V supply operation is achieved by

intentionally biasing te SiGe HBTs in weakaturation while accounting for additional

considerations in the design procedure to capture consequential performance changes not

applicable in a classic design with saiént voltage headroom. Tablesimmarizes the

LNA performance ad its comparison against other stafg¢he-art wideband LNAs. The

performance is achieved at a power consumption of only 4 mW frov supply, which

to the

aut hor so

best

knowl edge

S

t he

operating over a sidar frequency band. Finally, the LNA figuad-merit (FoM)

provides insight into the performance of-l&ised LNAs for pulseased radar

applications (a larger FoM is better). It is important to note that for continuous wave

radar applications linearity shlal be included in this FoM.

Table 1
COMPARISON of SI-BASED LOW -POWER WIDEBAND LNAs
Refaence BW | S,; | NF | Power| IIP3 |FoM | Tech
(GH2){(dB)|(dB)| (mW), |(dBm
Vee (V)

[26], TMTT |1.628|9.6|2.9-| 21.6 4 |0.57| 90-nm
2010 44| 1.2 CMOS
[27], MWCL |0.1-:20|11.2/3.3-| 20.4 | -2.5| 0.7 | 90-nm
2009 55| 1.2 CMOS
[28], RFIC 0-22 | 9.2(4.3| 8.4, |-270.79|90-nm
2009 66| 1.2 CMOS
[29], IMS 8-18 |16.0{5.0-| 38, -14 1 0.31|130-nm
2009 6.0| 2.2 SiGe
This work 10-22(15.5/3.2-| 4.0, -33 | 4.78{130-nm

4.4 1 SiGe
o~ 00 QA © Qe QoD @'Q0a
O¢ L
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1.3. An Investigation of Total lonizing Dose Damage on a Pulse
Generator Intended for SpaceBased Impulse Radio UWB

Transceivers

UWB radios, with roots that originate f
defined by the FederaCommunication Commission (FCC) as hay transmitting
spectrum with-10 dB bandwidths greater than 500 MHz. In addition, within thel8.6
GHz UWB band, transmitter power is limited to less théh.3 dBm/MHz[30]. UWB
designs have increased significantly since
of UWB for low power communications. One such variation, known a$sJ\N?B,
communicates data via the modulation of narrow pulses, thus offering significant
advantages for lowower and lowcomplexity transmitter design (and with modest
receiver specificationgBl]. This is due to the transmission of narrow pulses, as opposed
to a traditional carriebased system,ni which the data is transmitted through the
modulation of an RF carrier signal. In addition, in this caldes communications
scheme, powenungry frequency stabilization blocks such as plasieed loops (PLLS)
can be eliminated, contributing to a mudotwver power desigif32]. These attributes have
made IRUWB an attractive choice for a wide range of battery operated or bty
applications where energy is critical, including raftequency identificabn (RFID)
tags, wireless USB, and personal area networks (F23y)[34]. In 2007, an amendment
to the lowdatarate 802.15.4 standard was approved to add UWB sngnas a physical
layer option[35]. This amendment is designed specifically for dlina-power radios
and supports any UWB pulse shape as long as it matches the reference pulse. The UWB
physical layer can opate at a 110 kb/s, 851 kb/s, 6.81 Mb/s, and 27.24 Mb/s.

In IR-UWB, data is modulated by varying the amplitude, position, and/or polarity

of the pulses, respectively known as pulse amplitude modulation (PAM) and pulse
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position modulation (PPM). In a spdcivariation of PAM, the data is modulated by the
presence or absenceobf kbgi pgbséeOBKpPwn as

The IRUWB transmitter can be categorized based on how the pulse is delivered
to the antenng31]. In designs such as those presentef36] and [37], the pulse is
delivered to the antenna by analog amplification through a power amplifier, as opposed to
digital designs where digitalg e ner at ed edges and pul ses ar.
load and associated parasitics, such presentgd@8inand [39]. Analog amplificaton
allows for simpler pulse shaping at the cost of dissipating high amounts of static power.
Digital buffering, on the other hand, only dissipates dynamic power and thus is more
favorable for lowpower designs, although robust pulse shaping is more diffiou
achieve. Most digital designs consist of some variation of delay cells and edge
combiners

The UWB receiver architecture can adopt a-noherent or coherent scheme, the
former being a lower power and less complicated choice, with the caveat af lowe
achievable data rate (but still with enough for the present application) compared to the
former. Such UWB receivers apply an enecggt ect i on scheme i n wh
energy is captured by dowtonverting it to basband and then detecting it using a
comparatof40].

It is well-established that SiGe HBTs possess a favorable tolerance to total dose
radiation exposur@dl1]-[44] and the ability to operate well across an extreme range of
temperature. This, along with their excellent RF performgdé&é, provides a clear
motivation to select a SiGe BICMOS technology as the platfor a spacéased UWB
transceiver, since it cam principle be used outside of the WEB and thus dramatically
improve mission SWaP. In this scenario, the power generating portion of 4H&VER
transmitter is implemented in SiGe HBTs, and the pulseergéor and other support
circuitry in CMOS, representing an ideal division of labor. In the present work, we

investigate, for the first time, total dose effects on the pulse geneséiich is the main
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component of such an envisioned BICMOSURV/B transmiter (Fig. 11). Due to the

low-power nature of the application space, the digital approach has been selected for the
pulse generator architecture, similar to that utilizefB8] and[39]. The pulse generator

was fabricated i n JaH3S5IGSRGMOS procdss edhology,s S BC
which combines 250 GHz SiGe HBTs and 180 nm CMOS, and hdayaiGmetal stack

up. Total dose effects were examined usingé@@d X-rays.

5o BPF Driver
Tx-Data o ulse
Tx-clk o ModulAtor = & o nerator | a2 -DY

Fig. 11. UWB transmitter block diagram.

1.3.1. Device Technology and UWBuUlsegenerator Design

The UWB pulse generator was designed to generate pulses with widths ranging
from 50 ps to 60 ps whi |l R dispeysthe sclremmaicdforby a
the pulse generator, which consists of delay cells,-edg®iner, and a pullp inductor.

The pultup inductor and the active area of the circuitry have been indicatee ichip
micrograph in Fig. 13the design is pad limited). The delay cell includes a curent
starved inverter, the current for which is provided by aid M, for rising and fding

output edges, respectively. ,Mind M, act as current mirrors, replicatingias Thus,
through lpias, the current provided for the inverter, and as a result its delay, can be
controlled within a certain range. The edgmnbiner is composed of threBETs, and an
inductor for pultup. As it is shown in the timing diagram in Fi, as the input travels
through the delay cells, the edge combiner preforms a NAND operation on the buffered
A and B signals B is the inverteedelayed version oR), generdahg a single pulse. In
other words, when the two bottom nFETSs in the edge combiner are off, the inductor and
the nFET connected to it, which acts as a resistor, ¥ggpat a voltage level o¥dd -

Vin. On the other hand, when the two bottom nFETs turrfor the short duration in

19



which A andB signals are both high and thus equalt@depicted in Fig. 1R they will
conduct current that results in a voltage dropjfse generating a pulse. The amplitude

of this pulseV,, is highly dependent ofé width of the nFETs th#@ andB are fed into,

and the width of this pulse,,, is equal to the propagation delay of the delay tgll,
Since,ty is proportional, within a certain range, to the current passing through the delay
cell, and this currensia replicated version dfias, tow can be controlled throudhias. The

Vddfor this design is 1.8 V.

1.3.2. Experimental Detalls

The UWB pulse generator digere first measured and then irradiated up to 3
Mrad (SiQ;) using al &k e V-r Xy source e( aotf &ITdd sndr mat r o
t emperwattunr eal | terminal s g rwoeur netnehes u Mg atr
intermedi ate dose points soon after exposu
The -tdtomeain wavefor ms wer e obd¢iali n@sic opxi.ng

measurements weakepeahdramedroom temperatur

r -i Edge
I Combiner |

|

|

| V4

I Ll [’}mh‘el A i
B d

‘\]’Jelny Cell

B

L}'Mi Vpu;s.;»_l-_

£
________ - td=tpw

Fig. 12. Schematic diagram of UWB CMOS pulse generator along with its timing diagram.
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1000 pm

Vdd Gnd Ibias

Fig. 13. Pulse generator chip micrograph.

1.3.3. UWB Pulsegeneratoiradiation Effects

Fig. 14a) displays an inverted prad measured pulse with,=56 ps atlyias=10
MA. This pulse is generated by performing a NAND operatia a 500 MHz clock fed
into Vi, and an internally generated delaysapy of the clock signal. Fig. () presents
the inverted measured pulse after the pulse generator has been exposed to 1.0 Mrad of
total do® radiation. By comparing Fig. (@& and (b)the effects of irradiation on the
performance of the pulse generator can clearly be observed. The 1.0 Mrad radiation has
causedy, to nearly double from its prieradiation value of 56 ps (Fig. (&)), to its post
radiation value of 136 ps (Fig. 1#)). It should be noted th&}w, by convention, is
measured at half of the peak amplitude vaNjg2). Another specification that has also
been affected by the radiation exposure is the slight incredgsroin 17 mV to 20 mV.

Fig. 15a) depictd,y as afunction of lyias at several different TID values. In the
pre-irradiation sampletyy is ~56 ps alpias=10 PA and can be decreased to ~ 49 ps by
increasinglpyias. These values vary, however, as a function of dose. For example, at 1
Mrad, tow at Ipias=10 pA is 136 ps, which is more than twice the-pradiationvalue. In
addition, from Fig. 1f) it can be seen that although the radiation affiggtshis effect
can be mitigated by the control that the design providestgyéiroughlpias Fig. 1§b)

displays the less significant, but also important, effect of radiatiovi,olt can be seen
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that the different doses follow the same trend, exhibiting a ~25% increa4gaiter
radiation exposure. Another interesting TID effdmfter depicted in Fig. 18), is the
rebound and decreasetgf as the total dose is increased from 1.0 Mrad upward, tafter

increases with total dose up to 1.0 Mrad.

L L
A(C)S 42mv 40.0psidiv 50.0GS/s IT  400fs/pt
Stopped  Single Seq

1aeqs RL:1.0k

E I L I L

[®1n.nmv 40.0ps ] (Vi )8.346mv () -67.368ps
8.648mV (Ca_)-11.228ps
(av)30zpv (o )s6.14ps

@)

i, v~ 0ps
- V=20 mv 10"“’1/»**\ E :

t,,~136.3 ps gRraes s DR

L I L L L I I
[@10-"'"" 40.0ps ] (¥1)10338mv (11 )-154.0ps A(Cor )./ 42mv

40.0ps/div 50.0GS/s IT 400fs/pt
10336mv (T )-17.63ps Preview  Single Seq 1
.a.npv 135.:,;; 0acgs RL:A.0k

(b)

Fig. 14. (a) Inverted-measured preradiation waveform of a pulse witht,,=56 ps atln.s=10 pA. (b)
Inverted-measured 1.0 Mrad postradiation waveform of a pulse witht,,=136.3 ps afl ,ixs=10 HA.
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total-doses. (c),w as a function of total dose. The rebund effect can be seen beyond omérad.

23



To shed more light on these observations for the pulse generator total dose
response, we also irradiatedrsttalone nNFETs\{(c=Vdd, V==Vp=V=Gnd). Fig. 16(a),
and (b)display the nFET drain current versus the gaterce voltage at different Xray,
andproton radiation dosage®spectively. The dominant effects of TID in nFETSs include
an increase in offstate leakage current (Figl7(a)), and consequent reduction in
subthreshol&lope (Evident in Fig. 1§ and shifts in the threshold voltageid. 171b)),
both of which carcontribute to changes in tigof the delay cells in the pulse generator,

which in turnaffectst,, [46], [47].
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Fig. 16. (a) X-ray-induced degradation in narrow nFET at high Vps=1.8 V, (b) Protoninduced
degradation in a narrow nFET at highVps=1.8 V.
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Fig. 17. (a) CMOS leakage current, (b) Threshold voltage as a function of total de.

These effects are primarily caused by a buildup of positive charge in the various
oxide layers of the device. For sufficiendgaled CMOS-technologis with gate
thicknesson the order of a few nanometers, the charge trapped in the gate oxide itself is
negligible, and thuscharge trapping in the shallow trench isolation (STI) oxide is the
primary degradation mechanism. This has been demabed for another CMOS
technology at an identical lithography nof#8]. In the nFETs of the present SiGe
BICMOS technology, the absence of charge trapped in the gate oxide is confirmed by the

lack of thresholdvoltage shift in the large transistors, which also indicates that the
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apparent threshold shift in the small devices is caused by STI oxide effects.-A well
known rebound effect is also observed in the statmhe devices as the negative charges
associatedvith interface trap generation eventually compete with the positive charge in
the bulk oxide, resulting in an apparent saturation or even annealing of the radiation
effects. The radiation response of the present SiGe BiCMOS process technology has been
fully characterized and described in greater detdét9} . In addition, it is important to

note that the main device within the delay cell that is responsible for radiatioced
changes in the circuit perfoance is the inverter-RET, which determines the higb-

low transition at the output of each inverter. Since the current mirrors are all affected
equally by the radiation, it is reasonable to expect their mirroring function to remain
approximately unalted.

At the circuit level, the increasing leakage currand the shift in threshold
voltageresultsin an increase in propagation delay, which leads to an incregse kig.

17(a), (b) display the measured CMOS leakage currenigrhift for both wice and
narrow NnFETs and pFETs at doses up to 3 MradJjjSithe trend of thé&/y, shift for a
narrow nFET and nFET leakage current clearly resembldsg,ttrend in Fig. 15(c), with

Vin shift, leakage current angl,, increasing with increasing TID up to 1r&tl. The
rebound effect previously shown fgy, at doses above 1 Mrad can also be seen here as
the leakage current ard, shift begin to decrease at sufficiently high total dose. This
further confirms the presented findings in regards to the effect @fonlt,, and the
proposed explanation.

In addition, we resimulated the pulse generator circuit while implementing the
observed TID devicéevel changes within the nFET compact model. Since TID data for a
standalone nFET with a width equal to the onettisaused in the inverter (1 um) was not
available, and due to the fact that the devices were not irradiated at the bias points in
which they operate at, a poiby-point comparison of measurement and simulations

results was not possible. However, the dation resits confirmed the proposed
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explanation for the cause of circuit performance TID effects trend based on device
performance TID effects; namely, that threshold voltage shift increase is responsible for
the observed lengthening of the delay withcr@asing dose. Furthermore, these
simulations indicated a more significant impacWgfshifts ont,,, variations compared to

the radiatioAnduced changes in efftate leakage current.

1.3.4. TID Mitigation Strateqgies

The increase iy, if not appropriately smpensated for, can cause degradation in
the robust recovery of the data due to wsymbol interference (I1SI), which increases the
total systerdevel biterrorrate (BER). In addition, sincg, determines the maximum
datarate that can be achieved, amwriation in its value can negatively affect
communication speed. The access the present design provitigg atlows for direct
control ofty,w. For examfe, as is demonstrated in Fig.(&h a 1 Mrad exposure results in
tow more than doubling in valuat 1,,s=10 pA. However, by increasinigiss the value of
tow can be decreased to its original mr@diation value,thus mitigating the negative
effects on the communication link robustness and/or data rate (albeit, at somewhat higher
power dissipation)

Mitigation strategies for TIBlnduced damage can be categorized as either static
or dynamic (sehhealing) methods. In static methods such as classical RHBD methods,
the design is hardened against radiation through layout techniques that minimizklthe fie
oxide (FOX) transistors edge leakage effects. This is done, for instance, by designing the
transistor to eliminate the edges altogether. Annular transi$b®is and enclosed
transistord51] are commonly used examples of such techniques. The drawback of such
methods include imposing limitations on device connectivity in the layout, lack of
compact models for such devices, increase of the minimum width for anrauisistors
(by a factor of four or five), and an increase in gate capacitance for enclosed transistors

compared to standard devices with the s&ifie [52]. The increase in minimum width
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and gate capacitance, particular, will significantly slow down these transistors and the
associated circuits, and are thus highly undesirable in RF applications such as the one
presented here.

In a dynamic or selhealing TID mitigating methodb3], which have attracted
significant attention recently, support circuit blocks are assigned the task of monitoring
the main circuités performance and adjust.
through control knobs (usually for biag) on the main circuit. In such methods, the
control knobs are adjusted based on the observed circuit performance changes, which are
a function of dose level. Such sékaling methods not only can be used to mitigate
radiation damage, but in principle rcalso be used to compensate for any process
variations or temperature chandb4]. The potential drabacks of such methods are the
overhead of the design and space associated with the support circuit bhackise#
radiation hardening. However, since for real orbits, total dose damage accrues slowly,
the support circuit blocks do not require high speed and thus classical RHBD methods
can be applied to them. In essence, such an approach results in a hpbmdtigation
strategy using both static and dynamic mitigation methods, allowing forshigdd RF
applications. In addition, due to the slow nature of TID damage on the circuit, the support
feedback loop can be highly duty cycled, thereby not addinghnpawer overhead to
the overall system. Furthermore, the {epeed function of the feedback loop alleviates
any stability issues, which can easily be addressed through a proper design methodology.

Fig.18depicts a -peaknhgal s éhkhe birkuit dinecttywh i c h
monitorstyy and compensates for any radiatioduced changes tg, by varying the
value oflyiasin a closedoop mannerThis compensation scheme is based on measuring
the energy of a pulse, which is directly proportiona¥/g@ndt,,. Since the energy of one
pulse is difficult to detect, an integrator is used to accumulate the energy of the several
pulses and then provide it to the comparator for detection. The comparator reference

voltage is set based on the expected value atdtumulated energy df pulses with a
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desiredVy: and tpy1. Once the comparator detects the accumulated energy of several
pulses and the output toggles, its valiés fed into a digitato-analog converter which

sets the value fdkias If the changesre due to radiatiemducedty, increasestgw>towi),

the comparator will toggle a#l<N, due to increased accumulated energy, triggering the
circuit to adjustpias accordingly and returningyto tywe. In this scheme, the variations in

V, are neglectedue to being much less significant in value compared to the variations in

tow, as demonstrated earlier.

clk| Pulse

> Generator :I'-
f bias iE"
DAC

Counter j&=—
En

Fig. 18. Proposed adaptive TID compensation scheme.

1.3.5. Summary

We have investigated total dose effects on a CMOS UWB pulse generator aimed
at spacebased communications applicatioi$e effects of TID onhe pulse generator
performance, mainly a variation ig, with increasing dose, have been demonstrated. We
have provided an explanation for the cirdeitel performance degradation by linking the
observed response to w&thown devicelevel TID effects inthe component transistors.
In addition, the degrading effects of these changes on the overall communication link
performance have been describ&drthermore, possible mitigation strategies and their
tradeoffs have been describétinally a potential selfealingscheme for mitigating the
radiationinduced changes is outlined, setting the stage for a future complebheaktiy

system.
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1.4. Impact of Total lonizing Doseon a 4" Generation, 90 nm SiGe

HBT Gaussian Pulse Generatofrechnology

Development of adnced radars for higaltitude and spaebased remote
sensing is an emerging area of interest for applications such as tactical aerial surveillance,
weather imaging, and spabased exploratory probedrig. 19displays an example of
such a tactical aerialemote sensing platform that has stringent constraints on size,
weight and power (SWaP). SWaP specifications are key driving constraints not only in
mission cost, but in mission science capabilities. Advances in integrated circuit (IC)
technology can helmeet SWaP goals, with the caveat being that one must still ensure
robust operation in intense radiation environments and undertenaeerature swings.
Traditionally, these issues were addressed by placing the electronics in a shielded and

temperature cdrolled box (warm box) but this results in an increased SWaP overhead.

MATERIAL

RADAR ENERGY STORAGE b

Fig. 19. DARPA ISIS Program vision: Lockheed Martin High Altitude Airship concept. [20]
Radars are categorized into continuous wave (CW) or {alsed topologies,

with the pulsebased radar offering low power consumption benefits due to its duty

cycled nature, atthedos of a fAblindd period, which mak
of fast moving objects. In addition, pulsed radars are much more immune to interception

and jamming due to their spreagectrum nature. Pulsed radar, in effect, utilizes the time

it takes br a transmitted short pulse to reflect off an object and travel back to the
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transceiveras a measure of range. Fig. @8plays a block diagram for such a pulsed
radar. Due to its lowower benefits and due to the high spectrum efficiency of the
Gaussiarpulse shape, a Gaussian pulsed radar has been selected as the subject of this

study.

Gaussian
Pulse
Generator

Fig. 20. Block diagram for a pulsed radar transceiver

It is well-established that SiGe HBTs possess a favorable tolerance to total dose
radiation exposur@dl1]-[44] and the ability to operate well across an extreme range of
temperatures. These facts, along with their excellent RF perfornjaffeprovide a
clear motivation to select a SiGe BiCMOS technology as the platform for aIspsert
pulsed imaging radar transceiver. In this scenario, the microwavesindnportion of the
radar transmitter is implemented in SiGe HBTs, and the digital baseband processing in
CMOS, representing an ideal division of labor. In the present work, wstigate, for
the first time, total dose effects on a SiGe HBT Gaussian pulse generator, which is the
main component for a pulsed radar transmitter. Furthermore, as it will be explained in
greater detail in the following section, the Gaussian pulse generatsists of two
emittercoupled logic (ECL) inverters, with the width of the pulse depending on the

switching speed of these inverteffierefore the total dose effects on the Gaussian pulse
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generator can also be considered as a measure of the ECL awelb s per f or mar
radiation intense environments, which has implications for-epged digital circuits.

Finally, it is important to note that this study is the first published TID
investigation on a circuit i mpl eeessnThe d i n
Gaussian pulse generator was fabricated in this IBM 9HP SiGe BICMOS process
technology, which combines 300 GHzSiGe HBTs and 9@m CMOS devices. Total

dose effects were examined using &&®¥ ARACOR X-ray source

1.4.1. Gaussian Pulse Generator o@s

The Gaussian pulse generator, as seen in Bigcdhsists of two crossoupled
differential pairs Q:-Q,, andQs-Q4) and is driven by a ramp generatdf)( while the
two diff pairs are biased by two separate bias voltaggsafd Vy;) and current sarces
(Iep). Pulses are generated at the rising and falling edg®s af the differential pairs
switch following the weHestablished hyperbolic tangent law. Due to symmetric bias
unbalancing, one of the differential pairs switches before the othetimgsinl a current
that rises and falls to produce a current pulse. Given that large signal behavior of emitter
coupled pairs is modeled agamh function, the application of basic circuit theory to this

problem yieldsvoutas

) P y
wé oocYO OATE & OAT-E & h P
@) )
® ——hod —8 C
Cw Cw

Equation (1)can be approximated as a Gaussian function, as given in (3), with less than

5%error ifay [0.5, 1.2][55].

@
®
&)

e ¢

Q— TYO OATGEQ®A
)

NI|O

32



I"-‘r-.:n:
R R
lnl vu“ Iu!
AL
o

Vi Q, Q,
Vi1 _Ve2
”bg @' ®©

Fig. 21. Schematic diagramof a SiGe HBT Gaussian pulse generator.

Fig. 22 (a)(d) display the measured waveforms iy as the value fom is
increased from 0.5 to 2, in 0.5 increments. It carséen that foa = 0.5 (Fig. 22a)) the
generated output pulse closely resembles a Gaussian waveform while it spreads out into
an even distribution and away from a Gaussianafer 2 (Fig. 2Zd)). In the present
design the value fom is selected as OWwith aVccof 2.6 V. The input ramp function is
generated by utilizing the linear area around the -zewssing point of a sinusoidal
through the application of a clipping circuit. Therefore, at constant amplitude, the
increase in sinusoidal frequency rigsun an increase in ramp slope, thereby decreasing

the pulse width according to (3).
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Fig. 22. (a)-(d) Measured pulse waveform fora values of 0.5, 1, 1.5, 2.
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1.4.2. Experimental Details

Gaussian pulse generator die, a microgmaplvhich is displayed in Fig. 23vere
first measured and then irradiated up to 3 Mrad {piGigal &k e V-r Xy sour ce (
dose rate of 31.5 krad/ min) at room temp
conditions. The -measadriad edt di et evemediraet e d
exposure to minimize anytipcde mmaitn avawvwaefherams
obtained using a 50 GS/s oscilloscope and
across 5 sampl es. The input sinusoid was

measurements weakteperWwiormes80o¥Y termination

1000 um

.

=

e Ao ;.‘._

Fig. 23. Die Micrograph for the SiGe Gaussian pulse generator.

1.4.3. Radiation Effects

Fig. 24a) displays the measured pulse width,)(for the generated Gaussian
pulse as a function of the input ramp frequency, which controls the slopg ifofig.
21. It can be seen that pradiation measuret},, decreases from 125 ge 57 ps by
increasing the ramp frequency from 250 MHz to Ri9z, while 3-Mrad postradiation
values closely follow. The average values tigrat 250, 400, 550, and 700 MHz across

the four die were measured to be 128, 74, 65, and 57 ps, respectiveBA(B)gdepicts
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the normalized variation ity across total accumulated doses at diffetgptvalues. It
can be seen that the design is to a strong degre¢oldEant, with &, variation of less
than7% for total dose of up to 3.0 Mrad, and acrosdatiéntt,, values ranging from 57

ps to 128os.
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Fig. 24. (a) t,w as a function ofinput ramp frequency, which cantrols the slope forV,.
(b) Normalized variation in t,, across total accumulated dose at differertt,, values
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To shed light on the circulevel TID response, the TID response-r@§) of
standalone SiGe HBT test structures was also characterized. The transfer characteristics
(forward Gummel) for a 0.1 pum x 1.0 umG&@ HBT are shown in Fig. 248). The HBT
exhibits classical bipolar TID damage as seen through the increasestateffinput
(base) current, which is attributed to the generation of G/R traps along the -basier
spacer oxide irerface. Fig. 2f) showghat a steady increase in affate base leakage up
to a total dose of 3 Mrad (SHD While this increase in base current results in a minor
increase in power consumption, Fig.(2bshows that transconductance is not affected at
functional biases (i.e.aar pealt).These devicdevel measurements further confirm that
IBM 9HP maintains the TID robustness of earlier SiGe HBT generations, while
providing superior current gain and cutoff frequency, making it an attractive candidate
for high-performance RF otuits.

Fig. 26 compares the TID performance of the SiGe HBT Gaussian pulse
generator (consisting of ECL inverters), presented above, and that of a 0.13 um
technology CMOS pulse generator (consisting of standard CMOS inverter gates)
presented if56], at a similart,, value. It is interesting to note that in both caggss the
function of the inverter switching speeds and thus has implications for digital design
(beyond the stated RF application). It can éensthat the SiGEIBT pulse generator far
outperformers the CMOS pulse generator under TID conditions, tyjtimore than
doubling at 1.0 Mrad for the CMOS version while the SiGe HBT version varies by less

than 5%.
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Fig. 25. (a) Forward -mode Gummel characteristics of 0.1x1.0 pfiBM 9HP SiGe HBT. (b) Base
leakage current, (c) Transconductance variation, as a function of total dose.
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Fig. 26. Comparison of TID performance for HBT Gaussian pulse generator and CMOS pulse
generator.

1.4.4. Summary

Total dose effects on a SIGHT Gaussian pulse generator implemented in IBM
9HP 90nm SiGe BICMOS process were investigated up to 3 Mrad, which covers
virtually all orbital environments. The Gaussian pulse generator maintains robust TID
performance, which is tine with the preseed device level TIEhardness. Finally, the
present investigation paves the way for an HBT Gaussian pulse generator as an ideal

candidate for use in highltitude or spacéased pulsed radar transceivers.

39



CHAPTER Il

MILLIMETER -WAVE PHASED ARRAY RA DAR

40



2.1. Compact, Low-Power, SingleEnded and Differential SiGe W-
Band LNAs with 4.2 dB SENF at 94 GHz

2.1.1. Introduction

Development of millimeter wave fromnds on silicon has attracted an increased
amount of attention, with emerging advanced applications ingudiigh data rate
communications at 60 GHz, automotive collision avoidance radar-& @QHz, and
imaging for medical, security, and remote sensing applications at 9453H60] (Fig.

27). High resolution active and passive imaging radars, which are used for the detection
of moving targets, automat landing systems, aerial surveillance, and
astronomical/geological scienoperate under various adverse weather anevisiility
conditions, and mat meet stringent specifications on linearity and dynamic range, while
dissipating low amounts of power. A freand block diagram for such a potential CW
radar trasceiver is depicted in Fig. 2& such a fronend, the LNA could have either a

Diff or SE configuration, with the Diff option offering packaging benefits for the

transceiver at the cost of increased size and power consumption.

T-RAYS ON THE
SPECTRUM

Frequency (H2)
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Fig. 28. CW radar transceiver front-end.

Silicon-germanium (SiGe) technology is an attractive candidate to satisfy both
high-performance and low cost corahts. SiGe heterojunction bipolar transistors
(HBTs) offer a dramatically higher performance compared to conventional Si bipolar
junction transistors (BJTs) as a result of bandgap engineering, while maintaining
compatibility with lowrcost CMOS basebanthplementation§19]. In addition, the buit
in total dose radiation tolerance of SiGe HBTs makes this technology an ideal candidate
for highaltitude and spaebased radar systemfs2]. The proposedLNAs are
implemented in the new IBM 9HP 90n SiGe BICMOS process with SiGe HBTs
havingfr/fmax 0f 300/350 GHz, and a 1@yer metal backend suitable for the construction

of W-band lowloss transmission lines.

2.1.2. W-Band LNA Design

The schematic of the propes SELNA is depicted in Fig. 29and consists of a
singlestage cascode amplifier. For brevity, the Diff version is not depicted here, but it
consists of two of the SE branches with the only modification being a change in the value
of TLeto 25 pum. In addion, the Diff version integrates a transformer balun at its input to
provide an overall Skhputto-Diff -output LNA. For biasing purposes, large resistors are
used to connect the bias nodes to current mirfbng reactances for the matching
networks ardmplemented as micstrip lines using the2" from thetop metal layer as
signal and6™ metallayer as ground. In order to minimize the length of the midpost

42



lines, acharacteristic impedanc&g o f

7wias séfeced, resulting in a line width of

35 pum. Furthermore, in order to achieve a compact layout the microstrip lines are

meandered. All passive components and interconnects have been extensively EM

simulated in SonnePower and noise matching were accomplished using the guidelines

described in[19], resulting in a device emitter lengthgf of 5.8 um, and a collector

current (k) of 4 mA. The matching network components asdisted in Fig. 29

I 22V
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Fig. 29. SE LNA schematic.

For the Diff LNA, a passive oneirn, transformebased 94 GHz balu(Fig.

30(a)) was designed with staggering of the primary and secondary turns (primary and

secondary coils are offset parallel to the substrate) to reduce capacitive coupling and

maximize magnetic coupling. It should be noted that although a mefiipieransformer

balun can increase the mutual coupling, it degrades theeselhance frequency. Based

on 3D EM simulations preformed in HFSS addplayed in Fig. 3(®), a staggering
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value of 2 um provides the minimum insertion loss of 4.5 dB (which accéamtee 3

dB loss as a result of power division, as well as 1.5 dB resulting from the balun loss)
around 94 GHz, which in turn helps with optimizing the phiaggalance. The balun was
integrated into the input of the Diff LNA using optimized transmissiioesl for matching

and gain, and the differential input feed lines were spaced apart 12 um on the balun side
and 200 um on the LNA side. An asymmetric balun integration technique is utilized in

the interest of better input matching, at the cost of 1 d8ilo®iff gain.

L Opm &1L 2 um

p—— —— ——
e

—

solid line S13

dashed line S23
T T T T T T

90 92 94 96 98 100
Frequency (GHz)
(b)
Fig. 30. (a) 3D HFSS model of the transformetbased balun. (b) Simulated insertion loss of

transformer-based balun with different staggering/offset values between the primary and secondary
coils.
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2.1.3. Measurement Results

The Wband lowpower SE and Diff LNAs were implemented in an advanced 90
nm SiGe BICMOS technology having SiGe HBTs wfihf, xo f 300/ 350 GHz.
mi crograph of the LINAassndc aFmdgbh.ba e3slp@mt iccoFegQgs
of only 158 Om 19 3&6r0d OB g 00mM 515 4n3oOmt & . 3
and Diff LNA, respectivewpfeThantdNA® nwa me
SE from a 2.2 V supply.

350 um
A
o
(0]
g = (=2]
3 N
i =
3
A 4

Fig. 31. Die micrograph of SE LNA.
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Fig. 32. Die micrograph of Diff LNA with integrated transformer balun.

Fig. 33a) displays the measured and simulated ¢&#) andNF of the SE LNA.
It can be seen that a measu8sdof 10 dB is achieved at 94 GHz, with the gain shifting
slightly to a peak of 10.5 dB at 91 GHz. In additi&y has less than 3 dB variation
across 81 GHz to 101 GHz, resulting in a 20 GHzdladth, consistent with the
simulated results. ThHF is measured to be 4.2 dB at 94 GHz, wihlle remains below
5.0 dB across the operating bandwidth. It should be noted that close agreement between
NF andNFy,, are as a result of accurate noise matchimg) detailed EMnodeling of the
input matching network components. The measured and simulated input and output
reflection coefficients$; andSy;) of the SE LNA are shown ikig. 33b), with anS;; of
-12.5 dB and5;, of -6.5 dB at 94 GHz.
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Fig. 33. Measurement and simulation results for the lowpower 94 GHzSE LNA.
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Fig. 34(a) displays the measured and simulated g&n) (and NF of the Diff
LNA. Since a differential measurement setup was not available, each differential output
was measured in a singdmded fashion while the other output remained at an open
termination. It carbe seen that a differential gain, which is assumed to be the algebraic
sum of the two SE gains, of ~ 12 dB is achieved at 94 GHz, with the gain peaking at 90
GHz. In addition,$; has a3 dB bandwidth of 28 GHz across 76 GH204 GHz. The
difference in he simulated and measur€g is a result of nondeal conditions for the
differential gain measurement. Ideally, an output balun should be used just for
measurement purposes, followed byesebedding of that balun, or in a SE measurement
the output thats n o't being measured should be tern
being measured in a SE fashion. THE is measured to 6.3 dB at 94 GHz, while it
remains below 7.5 dB up to 100 GHz. It should be noted that the differemie and
NFmin is a result ofan intentional tradeff for input power matching in the process of
integrating the balun into the LNA input. The measured and simulated input and output
reflection coefficient§; andS;,) of the Diff LNA are shown in Fig34(b), with anS;; of
-18 dB anl S, of -5 dB at 94 GHz.

Fig. 35(a) and35(b) show power measurement results carried out in gamee
method at 94 GHz for the SE and Diff LNAs, respectively. It can be seen that the SE
LNA achieves an input/outpiR;qg of -11.5£2.5 and the DifferentiaLNA achieves an

input/outputP4g of -8.75/+0.25, while consuming 4 mA from a 2.2 V supply.
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Fig. 34. Measurement and simulation results for the lowpower 94 GHzDiff LNA.
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Table 2 summarizes the loppgower SE Woand LNAGs perfor man
comparison against eight other statehe-art Stbased Whand LNAs. It can be sae

that the measuredF of 4.2 dB at 94 GHz is the lowest reported NF foib@dhd LNAS

implemented in a technology with/ fa x0 f |l ess than or equal t

addition, this performance is achieved wh

aut hboersst6 knowledge is the | bwsebapddwbENAcoONSs
Table 2

PERFORMANCE SUMMARY AND CO MPARISON of PUBLISHED SI-BASED W-BAND LNAs

Ref Topology fe S NF Power Tech
(GHz)| (dB) | (dB) | (mW)
[61] | 2-stage Cascod{ 90 | 22 7.0 56 130nm SiGe
[62] | 1-stage Cascod{ 95 9 8.6 13 130nm SiGe
[63] | 1-stage Cascod{ 95 | 11 6.0 52 |45nm CMOS

[64] 3-stage CS 90 | 27 6.8 36 |65-nm CMOS
[65] 5-stage CE 95 | 23 8.0 28 120nm SiGe
[66] | 4-stage Cascod{ 105 | 39 6.5 34 180-nm SiGe
[67] 4-stage CE 90 19 5.1 43 90-nm SiGe

[68] | 2-stage Cascod| 110 | 21 4.0 17 130-nm SiGe

This | 1-stage Cascod¢ 94 | 10 4.2 8.8 90-nm SiGe
work

flofae 300/ 50A! IGHzt her table references are O 3¢C

2.1.4. Summary

Two Diff and SE compact linear lopower Wband LNAs are implemented in a
90-nm SiGe BICMOS technology for 94 GHz active imaging radar applications. The
singlestage cascodeNAs demonstrate a measured gain of 10 and 12 dB, with a NF of
4.2 dB and 6.3 dB, for SE and Diff LNAs, respectively, while consuming only 8.8 mW
SE power from a 2.2 V supply. The two LNAs have a compact core skedd 55 mm
and OmniRétrhe mE i ff LNA, respectively, w
integrated at the input of the Diff LNA.

51



CHAPTER Il

IMPLANTABLE MEDICAL DEVICES
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3.1. Introduction

Transcutaneoudata telemetry is one of the mamportant functions in a group
of implantable medicalelices (IMDs) known as neuroprostheses. Such neuroprostheses
act assubstitutefor sensory or motor modalities that are lost due to an injury or a disease
[69]. Well-known examplesf the prostheses acechlear implats and \sual prostheses
that need a large volume of data from external artificial sensothe IMD. Another
example isinvasive braircomputer interfaces (iBCl) thabllect a massive amount of
data from the central neural system (CNS) and trarteéedata acss the skin to the
outsideofthebody t o contr ol the patientds enviro
processing70]-[78].

The chalénges involved in designingtanscutaneous data lipkelate to the
extremely limited space and power available to the IMD for establishing a wideband and
robust connection. Because of the significant electromagieicabsorption in the
tissue, whiclexponentiallyincreasesvith the carrier frequency, highrahdwidth must be
achieved at the lowest possible carrier frequenai@p [80]. This requirement rules out
the majority of commercially available wideband wirelesstqcols, such as Bluetooth or
WiFi, which operate well in the air at 2.4 GHz. On the other hand, there are specific
standards, such ddedical Implant Communication Servid®ICS), operating in the
402~405 MHz band, which can only offer a limited bandiid800 kHz) [81].
Therefore, there is a need for lgewer, robust andwideband wireless links with novel
modulation techniques that are specifically tailoréal high-performance IMD
applications.

Nearfield inductive couplindFig. 36 is the most common method that has been
utilized for establishing wideband data telemetry links with IMDs. In these links,
robustness can be measured by bit erabe (BER) in presence of various sources of

external interferere; supply ripple, load changes, digital switching noise, and coupling
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variations as a result ghechanical vibrations and coils misalignmei®g]. It should be
notedthat similarapplications of thenearfield data transmission can be found in radio
frequencyidentification (RFID), contactless smartcards, and high throughput wireless

sensors, wherbatteries areavoided because of thesxtreme size, cost, and lifetime
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Data Inductive Data Data
Implant Transfer Link Processing

Fig. 36. Near-field data transmission using pulse harmonic modulation (PHM).

constraintg§82], [83].

The majority ofdata transmission techniques for such +iedal applications have
been carrier based. Amplitude shift keying (ASK) has been popular in the past because of
its simple nodulation and demodulation circuitf$4]. This method, however, is not
robust against coupling variations and faces major limitations in high bandwidth data
transmission, which needs high order filters with sharpoffuthat cannot be easily
integrated in this lowrequency end of the RF applications. Ghovanloo and Najafi
developed a demodulator based on plderent frequency shift keying (pcFSK) and
shaped the inductive link passband spectrum to reach 2.5 [8BpsHowever, that
method occupies a wide bandwidth (>5 MHz). A few groups have developed circuits
based on binary and quadrature phase shift keying (BPSK, QBSKPO0], which have
fewer limitations compared to ASK and FSK. However, the dependence of all these
methods on carrier signals result in high power consumption particularlyhen

transmitter side. Thus, it isoncluded that carrier basezthniques are more appropriate
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for data transfer from outside of the body, where size and power are less constrained, to
the IMD (often referred to as the downl)nkn additian it is important to note thatse of

carrier signals was attractive in the galMDs because the santew frequency data
carriercould be used for transferring power to the IMBbwever, the power carrier has

to be separated from data carrier in the high performance IMDshich much wider
bandwidth is required for data whitbe power carrier frequency cannbe increased
because oéxcessivdoss in the tissue at higher frequend@s]. On the other hand, the

use of hi¢p frequency data carrief®r robustwideband communication withMDs
requires complex and high power consuming frequency stabilization RF circuits, such as
phaselocked loops (PLL), which is not desired.

For wideband data transmission from the IMD to the outside of the body (the
uplink), most researchers so far have used active berkd#y circuits, such as voltage
controlled oscillators (VCO) that utilize similar carrier based modulation techniques in
the farfield domain[92], [93]. This is dspite the fact that the external receiver antenna
can be placed in a patch right across the skin. As a result, the RF transmitter is one of the
key power consuming blocks in such IMDs. An alternative method is passive back
telemetry using load shift keyin@.SK), which is commonly used in the RFID tags for
data rates up to 0.5 Mbp82], [83]. Recently, Mandal et al. improved the LSK
bandwidth for iBCI applicationf94]. However, LSK, which consists of a switch across
the IMD power coil and an ASK receiver outside of the body, requires strong coupling
between the coils. Even though a single switch appears to be simple and low power, it
entirely shuts off th power transfer to the IMD when it is closed. Hence, a fundamental
problem with LSK is reducing the IMD received power by the switching duty cycle,
which is not desired in high performance IMDs.

In 2002, the FCC issued a ruling deregulating the us#tcd-Wide Band (UWB)
for low power communications. A variation known as Impulse Radio (IR) UWB, in

which data is transmitted via suanosecond pulses through wideband antennas, soon
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became quite popular for short range ultna power applications suchsaody area
networks (BAN)[95]. Low power consumption in the {BWB transmitters is mainly
because of being carriggss, which leads to the elimination of continuously power
consuming high frequency oscillasoor frequency stabilization circuitry. These features
make the IRUWB an attractive choice for the uplink in IM86]-[98]. However, the

caveat is that the ordinalig-UWB, which is intended for fafield interactions in the 3:1

10.6 GHz band, is highly absorbable in water and cannot penetrate or pass through tissue
volume conductof99].

Several researchers have ptdal the idea of a carridgss wireless link from the
IR-UWB and applied it to inductive links in the near field domain by using narrow pulses
for transferring data in applications such as chip stacking, multimedia, andBYO§

[104]. In all of these efforts, to achieve high data rates, the self resonance frequencies
(SRF) of both transmitter (Tx) and receiver (Rx) coils are kept quite large to allow the
high frequecy components of the narrow data carrying pulses effectively pass through
the inductive link, and reconstruct the pulse on the Rx side. It can be shown that when a
simple Gaussian pulse with the width of tpw passes through the link, it is differentiated

by the inductive coupling between the coils, and its fundamental frequency shifts from

DC to fr =¥2//,.[100]. As a rule of thumb, the inductive link bandwidth should be
kept above £ to limit the unasired intersymbol interference (ISI). Otherwise, if the
inductive link bandwidth is not sufficiently large, it significantly attenuates the higher
harmonic components of the transmitted pulses, which in turn results in ringing on the Rx
side that extendwell beyond the designated bit period. This will either increase the ISI
and BER or lead to data rate reduction.

Mai ntaining high SFR in the 1006s of MH
i n t he | MDs S qgui te c h a | siomsn igduatagce, larelc a u s e
separation are often much larger than theclop coils used in chibo-chip
communication, while their parasitic resistance is much lower. Due to high conductivity
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of the tissue volume conductor, there is also significantly largeasyiic capacitance
around the coils that are implanted or attached to the body compared to those operating in
the air (BAN)[105]. Therefore, methods proposed[iD0]-[104] are not applicable to
the | MDs. One possible solution to bandwi
factor, Q, by adding series or parallel resistd@3], [104]. Of course orchip cols
inevitably have low Qs as a resulttbeir high parasitic resistan§&00], [101]. Lower Q,
however, decreases the range of the inductive link, i.e. the maximum coil separation, by
reducing the amplitude of the received signal, increasiaghbise and interference as a
result oflowering the receiver selectivity, and consequentlgrdeing the Rx signal to
noise ratio (SNR)102].

This has motivated us to devise a new data transmission tectioiquearfield
wideband applications, called Pulse Harmonic Modulation (BkMijch has simildties
to the impulse radio ultravideband (IRUWB) in the farfield domain[106], [107]. The
PHM transmitter generates a string of narrow pulses with specific amplitudes and timing
to transmit eactbit across goair of highQ LC-tank circuits Each pulse generates a
decaying oscillatory response at the harmonic frequencythieateceiver L&ank is
tuned at,which adds to the oscillatiorst the same frequendhat areresulted fom
subsequent puts within thabit period to minimize the intesymbol interference (ISht
the receiverinput This allows reaching high data rates without reducing the inductive
link quality factor by adding dissipative elements to extend its bandwidth. This method
also improves the signal to noise ratio (SNR) at the receiver, leading to improvements in
the BER, transmission range, selectivity, and robustness against misalignments of the
link.

In the present worka new carrietess modulation technique, calld@ulse
Harmonic Modulation (PHM), for wideband, lowpower, and lowcomplexity data
transmission across inductitelemetry links that operate in the néi@td domain at low

frequencies, all of which are necessary to operate in the tissue envirprsmaindduced
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More importantly, in this method it iseitherneeddt o keep t he dpmarl sbé SRK
is it needed taeduce theiQ by adding resistors. On the contrary, both Tx and Rx coils
aredeliberately tune at fp, which is a function of the pulse width{) and maintain their

high Q to filter out the undesired sources of interference, such as the strong power carrier

[91], increase the inductive link voltage gain, and maximize the SNR at the PHM receiver

input.
3.2. Pulse HarmonicModulation Concept

The goal is to eliminate the carrier signal by using sharp and narrow pulses,
similar to the IRUWB, to significantly reduce the Tx power consumption, while
transferring data across an inductive link with low SRS @ result ofparasitc
capacitance)The goalwag o achi eve this without Q oweri:r

while mairtaining a low BER. Therefore, it wasead to deal with the ISI across the
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Fig. 37. PHM conceptual waveforms including their key parameters.

secondary Rxcoil because of thenging that follows every pulse. The propdseovel
solution is to utilize a pattern of two or more pulses with specific time delays and
amplitudes for transferring each bit unlike-URVB or other pulse based solutiof$b]-

[104], in which all pulses are the sanfée main idea behinthe PHM, which is shown

in Fig. 37, is to modulate the key harmonic components of the main pulse, which is called
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the initiation pulseright at the beginning of each bit, on th& Bide by adjusting the
delay time {y) and amplitude ratioR) of one or more additional pulse(s), called
suppression pulse(sthat are transmitted within every bit period),(following the
initiation pulse. The resulting signal consists of an osaltapattern that is amplitude

modulated by the successively transmitted pulses to minimize the-symbol

M
R. Ri2 A4 R2

-

i *
') VR
N ]
o VM

Fig. 38. Lumped model for nearfield data telemetry through coupled coils.

interference (ISI) across the Rx coil and facilitate robust data demodulation with ow bit
error rate (BER). This is similar to plucking a guitairgjronce to initiate a tone and then
plucking it again at the right time, and with the right amplitude to stop the resonance.

If a narrow pulse is applied across the primag@iltank,Vrin Fig. 38, a lowpass
filtered version of that pulse passes as aurfethroughR; andL;. The loose mutual
coupling, M, between L; and L, representing a small coupling coefficient,
k=M/,/LL, , induces a similar but much smaller currépt,in L, which created/s
across the Rx inpui/r has an oscillatoryature at a frequency close to the secondary
resonancef, =1/2p,/L,C, , and decays exponentially. It can be shown that the amplitude
of Vg oscillations (received signal envelope) drops below 4% of its initial value@dter

cycles,whereQ; is thequality factor of the secondary seriesCk tank,

_1 L
Y ”’
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In a simple encoding schemegcénbe assumd that the presare or absence of a
pulse at the beginning of every bit periad= 0 ) represents a dat s
respectively. To minimize ISI, the envelope\gfoscillations needs to be negligibletat
T. Therefore, to achieve a high data ratg,oscillation $iould cease rapidly, and any
residual oscillations beyond are highly undesired. This is why in all previous casrier
less solutions, a wideband le@approach has been adop{@@0]-[104]. These methods
succeed in achieving high data rates at the expense of degrading the SNR and selectivity
of the Rx, which are not acceptable in safe transcutaneous IMD communications.

In the PHM, on the other hand, instead of redg€),, the oscillation pattern of
VR is altered (modulated)which consists of the harmonic components of the initiation
pulse by sending one or more narrow pulses within the same bit period to rapidly
suppress the oscillation & beforeT. In Fig. 37only one suppression pulse with the
same width ty) i's used i mMmandtyfor the suppréssion tpulse have been
selected such that it creates a decaying oscillatory pattern &Grtsst is equal and out
of phase compared to that of the initatipulse front = t4 to the end of the bit perioé.
andty are dependent diy Qy, tow, T, andN, which is the desired number of cycles at the
input of the PHM receiver for a reliable, low BER data detection before the oscillation is
suppressed. Even thgh k may change as a result ofisalignments or mechanical
vibrations between the two coils at a rate much slower thgrsiblce it affects all pulses

within a bit period in the same way, the PHM mechanism will not be affected.

3.2.1. Pulse Harmonic ModulatroTheory

3.2.1.1. Inductivelink ImpulseResponse

Fig. 38 shows a lumped equivalent circuit model of an inductive link. The
primary (,C; transmitter) and secondarly,C, receiver) sides are composed of-tabk
circuits and their associated parasitic compondRtsaafd R,). L,C, tank is tuned at,,

while theL;C; tank, depending on the data rate and transmission range requirements, can
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be either tuned t or left at itsselfresonancérequency (SRF), in which ca€g in Fig.

38 simply represents the parasitigpeaitance ot;. Sincel; andL, are loosely coupled
(smallk) and the current ih,C, tankis very small, unlike inductive power transmission
links, the effect ofL,C, loading on theTx circuitry can safely be neglectad simplify
the equations.Hence, the inductive link transfer function in the-ddmain can be

described as,

a MS
"V, 1,V (RLGS+(RRG+L)s+R+R)CLS +CRs+)

where V1, Vg, |1, andVy are the Tx output voltage, Rx input voltage, curneassing
throughLi, and induced voltage acroks, respectively. Other parsgeters areumped
circuit elements in Fig. 38H(s) is composed of two secomtder systems, one
originating from the primary and the other from the secondaryan®&s, each of which

can be expressed as,

1 1

= ’ =- i , = *’O(]: 1
SZ+ZZI4(S+W|,]2 (s- 8)(s- ) St (Z w+iw), s, =s z<l, 3

where z is the damping ratio,, is the natural frequency, andj = W,/1- z%is the

natural dampingfrequency of the system. From (2) and, (hese ¥-order system

parameters can be expressed in terms oltng@éd circuit elements in Fig. 38

_(RRC+L) o 1 :_R*R g1

Z, M , (4)
' 2 RS L.I.Cl 2 RSC1 ' RS L1C1 I_1C1
Zw, =2, W P )
2 2L, " LG,
_(RRG+L) [R 1[4
2T R e (RR CRIG ?
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C
ZZ:%E. ™

Assuming both % order systems are under damped, s,&nd z < 1, which is often the

case for the L&@anksused in data telemetry links,)(@an be rearranged as,

Ms

- 1S = i .d.! j:j*a.: 2. (8
RLC.(5- 5)6- 507 LG,(5 s 5 N @il * 1) 8 =8, 1 =1, (8)

H(s)
Now H(s) can be broken umto the sum of its first order components,

A LA A A8 ©
(s- S12) (s- 322)(1

e
H(s) = &
A P N,

Where

Ms,, .
A= =a + b, (10
RsLlcl(Sll- S21)3 L2C2(311' S_Lz)(su' Szz) '

_ Ms,, L
A, = =a, + jb,, (11
RSL:LCl(S_LZ- 511)(512' S21)3 I—zcz(slz' Szz) ? ?

and apply the inverse Laplace transform to fihd impulse response for the inductive

link,
el g

L1E = 2= 12
&s- all (12

h(t) = 2 "' (a, cosfw, t) +b, sin(w, ) + 2 ***' (a, cosfy, t) +b, sin(w, ). (13

High-Q is desired for the inductive @attransmission links used in IMD
applications to improve transmission range and robustness of the link against interference

without increasing the transmitted powéh and Q, can be calculated from (6) and) (7
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by substituting them iQ = 1/2z, which indiates thatz should be small and thugg °

wh. As a resulth(t) in (13 can be simplified into two exponentially decaying oscillations,
one with a long tim&onstant off, = 1/z w4, = 2L,/R, on the secondary and the other
with a short timeconstant oft; = Uz, 2 2RC; onthe primary. The sum of these two

terms will result in an oscillation acro¥g in Fig. 38, which builds up rapidly but decays

slowly [106]. The envelope dif(t) can be expressed as,

h,, (1) = 2Afe " +2Afe (14)

3.2.1.2. Pulseharmonic Modulation

Using the inductive link irpulse response from the previous sectione can

calculateVg for any arbitrary input waveform by convolving it witi{t). However, if

only narrow pulseare appliedacrossvy, with pulse widtht , ¢ \/El,ofr and amplitudea

to reducelTx powerconsumptionthenah(t) canbe expecedto appear acrosgg [106].

On the other hand, in high speed pdissed data transmission, it is important for the
received signalife. the impulse response), resulted from transmittino@les bit, to rise
sharply émall ¢1) to enhance dection and decline rapidlgsmall #;) to minimize ISI
with the following bit and reduce BERBoth of these requirements suggest Qaand

Q2 should be lowered to improve bandwidth, whishthe method thatas been adopted
in previous carrieftess neafield data links[100], [104]. However, this is noa suitable
choicefor robusttranscutaneousommunications.

Considering that(t) has a sharp riseme and a slow decay, in PHIs rapid
oscillatory responses generate@dcrossVg by applying a first pulse, called thetiation
pulse acrossVt a t the onset of ae ¥)eThaen a deacand pulael (or b i t
pattern of pulsesis (are) transmittedcalled thesuppression dae(s) before the end of

the bit period,T, to createa second oscillation. e amplitudepP, and delayty, of the
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suppression pulsare chosersuch that the second oscillation has the same amplitude as
the first one by the time that it appears achMssbut 180 out of phase. The result is the
cancellation of both oscillatory responses after the arrival of the suppression pulse,
leading to a rapid decline in the ISI, which is the amplitude of the oscillation a¢tbss
the time that a new bit is due begin.In this implementationdr a di gi t al bit
no pulsesare transmittedtL 06].

To minimize BER, we should first allow the oscillation resulted from the
initiation pulse to build up. According td4), this can take-4¢,;. Hence to reducelie
buildup time, according to J6C; and Rs should be as small as possible.fact the
parasitic capacitance df; is often sufficient to formC,. Then the suppression pulse
should be appliecat an odd multije of a half cycle (1/£) to ensure that the two
responses are gaj to be out of phase
i
f

r

g=m+§3 At:f, ¢ N<TF (15)
whereN is the number of cycles thhft) is allowed tohavebefore it is suppressed.

For a perfect cancelatiomhenchoosingthe suppression pulsemplitude,P, the
decay ofh(t) from the initiation pulse at = ty should be considered. The amplitude of
h(t) can be found from its envelopa (14). Sincety >> f;, the first term, which
represents the idup period, can be neglected aheé ratio between the suppression and

initiation pulses can be found from,
P=gh', (16)

Using @)-(16), ty andP can be easily calculated from the inductive link lumped
circuit values and other parameters, suclhaglesired data rateDR = 1/T) and pulse

width (tow), to design a PHMbased neafield data telemetry link.
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In practice, perfect cancellation between initiation and suppression pulses is not
possible due to timing jitter, parasitic components, and process varidio6$
Nonetheless, as showrPHM is an effective method for reducing the ISI and achieving
wide bandwidth at low BER without lowering the link quality factor or consuming too

much power.

3.2.1.3. Pulse-harmonic Modulation Simulations

Fig. 39 shows the results of simulatingetiPHM conceptfrom the previous
section in MATLAB, using measured parameserfrom the coils utilized in the
measurements (Tablg # the equations derived jrevious theorysection[105]. Fig.

39(a) shows squa shaped initiation and suppression pulses at the output of the PPG
block (Vr), each of which is,w = 12 ns wide. Therefore, the pulse spectral power after
differentiation will be centered ofp = 37.5 MHz, which is close to the resonance
frequency thatve have chosen for the inductive lifk{ 33 MHz).

The solid waveformn Fig. 39b) shows the received signat the output\(,),
acrossVg, if an individual pulse was used for sending each bit, similar to the previous
pulse based methods. It can benséeat the largeQ, = 44.8 has resulted in a slow
exponential decayrt, = 1/zup = 2L,/R, © 432 ns)in oscillation at the Rx input, which
could either lead to a slow data rate or significant ISI.

To find tg, the buildup time for oscillationt{ = t, =l/z 14 ¢ 2RC; = 89.6 ns
whenRs; = 50 W), 1/T = 200 ns for a data rate of 5 Mbps, anfi 4/30.3 nswere
consideredN = 3 was choserto have 3.5 cycles of oscillation acrogg before the
suppression pulse is apgl. Therefore, according to (1% = 106 ns. The time response
of the suppression pulse at R, if it was applied individually, is shown with daslkesd lin
in Fig. 390). It can be seen that the oscillations resulted from the two pulses are out of
phase and reach the same magnitude artyinehich depends on the suppression pulse

amplitude,P.
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Fig. 39. (a) Initiation and suppression pulses at theutput of the Tx (PPG) in Fig. 36 (b) Individual
responses to initiation and suppression pulses at the input of the Rx. (c) Envelopg#ghe initiation
and suppression pulses, showing the build up and decay phases, which begin cancellatian=as. (d)

Received PHM signal across the Rx input, which is amplitude modulated by the suppression puls
reduce the ISI.
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TABLE 3
FIGURE-8 COILS SPECIFICATIONS

Coill Size (ecm) L (nH) R (mQ)

Li 1> 1 105 412
L 1919 281 1300
Coil C,(pF) C(pF)"™ SRF (MHz)
L 2.1 225 338
L2 3 82.7 173.2
* Number of turns for each coil, n=2.

** Total capacitance required across the coils to
resonate at f, = 33 MHz.

To find P, (14) was usedo specify the envelopes of the receiweaveforms, as
shown in Fig. 3&). By pluggingty and other parameters fromd){(7) in (16), and
considering tht the primary time corasit, is short and the second term in4)lis
practically zero fot > t,, P = 0.8was found Finally, Fig. 39d) shows the received PHM
waveform atVg when a suppression pulse is transmitted with the designated tiglay (
and amplitudeR), followingtheni t i ati on pul se, for every bi
long tail of oscillation, which was extending well beyond 500 ns in ), has been
effectively truncated, and the PHM Rx is ready to detect the following bit at 1/T = 200 ns
for a data ratef 5 Mbps with negligible ISI.

Fig. 40 compares the frequency response of the inductive wireless link used in
this work with that 0ff100] and[103] using (3. The higher quality factor of théuned
coils, particularlyQ,, results in higher gain, more SNR, and better selectivity, which can
translate to longer range, lower BER, and more robustness against external interference,

artifacts, and coil misalignments, whiare crucial in safe IMD applications.
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Fig. 40. A comparison between the frequency response of the inductive links used in this wofkQ0],
and [103]. The higher quality factor of the tuned coil on the receiver@,) result in higher gain, more
SNR, and better selectivity, which can lead to longer range and more robustness against interfere
and coil misalignments, which are cacial in IMD applications.

3.3. PHM Proof-of-concept Discretecircuit Implementation and

Link Performance Demonstration

To demonstrate the PHM concept in an actual inductive wireless link, agfroof
concept prototypdas been developagsing discete circuits on both Tx and Rx sides.
This setup clearly demonstrates the functionality of the PHM concept and validates the
theoretical foundationwhich was laid out in the previous sectionsowever, more
accurate measurements and ratings will requmglementation of the transceiver in an

application specific integrated circuit (ASIC).

3.3.1. PHM Transmitter

Fig. 41 shows the scheatic for the PPG block, which wamplemented using an
Altera Cyclone 1l field programmable gate array (FPG&)8]. Since pulsesre only

generatedor fi 1 data bits,pata+clk was used as the input. Two programmable delay
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Fig. 41 Block diagram of the pulse pattern generator (PPG) on the Tx side.

elements were used to allow us control the widih) @nd time delayt§) of the PHM
pulses. These d&y elements were programmable via the Quditasftware[109]. The

pulse generator block simply combines the input with its delayed version to produce a
sharp pulse. The pulse amplitude control block was imetged using a simple ladder
network circuit to adjusP. Alternatively,a high speed digital to analog converter (DAC)
could be used fothis purpose. fie initial ty and P valueswere selected as a starting
point, derived from theoreticatalculations angimulations in the previous sectioasd

made minor manual adjustments to compensate for the parasitic compoaéntern

not accounted for in thmodels.

3.3.2. Coils and Tining Capacitors

To construct the wireless inductive data transmission linkagdL; in Figs. 36
and 38 Figure8 cails on FR4 PCB substrateere usedFig. 42shows the & model of
one of these coils in the HFSS field solver (Ansoft, Pittsburgh, PA). A detailed
description of these coils, their optimal geometrical design mekbgyloard variations
in k as a result otoil misalignments have been described165], and will not be
repeated here. However, the main reason foosimg this coil geometry in the present

IMD application is its reéfience against external magnetic field interference, which is key
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in a multiband transcutaneous inductive wireless [B8]. When a Figure coil is
exposed to uniform or symmetrical external magnetic fidld, durrents induced in the
two loops of each codrecanceédout due to their opposing direction of winding, while
the two data coils matain a decent coupling. Table Summarizes the measured
specifiations of the coils used in the preserperimentsCoil geometries were designed
for an uplink with nominal coil separation df= 10 mm.L; is smaller to be embedded
within the IMD, whileL, will be located across the skin outside of the body. When the
two coils are perfectly aligned, they have a sined&t= 0.012[105]. C, is the parasitic

capacitance of each coil in the air, leading to its SRF,@&nd the total capacitance

Fig. 42. 3-D model of Figure-8 coil in HFSS field solver[105]

needed in parallel with each coil (includi@g) to tune it af, = 33 MHz.

3.3.3. PHM Receiver

A simplified block diagram of theHM receiver is shown in Fig. 43n essence,
this is a simple custom designed envelope detector, consisting of a low noise amplifier
(LNA) with a gain of 26 dB, followed by a rectifier and low pass filter (LPEhW MHz
cutoff. A high speed comparator comparesltR& output, which is the envelope of the
PHM signal, shown in Fig39(d), with a reference voltage to sharpen the received pulses

and converts them to logic levels. A second CyclofeFPGA board ovesamples the

70



received pulses at 48 MHz and converts them to alsgasita stream. A more detailed

description of this receiver can be foundia0].

ADA4899-1 AD8036

ADA4412-3 Cyclone Il

TLV3501
=~ Rx
FPGA
: — LPF Received
PHM Signal Rectifier Reference ¥ Comparator Data

Fig. 43. Block diagram of the PHM receiver (Rx).[110]

3.3.4. MeasuremenResults

In addition to the blockdescribed abovehe PHM measement setup included a

pair of Tektronix GB1400 (GigaBERT) on the Tx and Rx ends, before and after the two

FPGA boards, for high speed data bit steam generation and BER analysis, respectively

(see Fig44). Fig. 45shows the measured waveforms achsatthe PPG output andg
at the PHM receiver input, whicére in close agreement with the preseritesbretical
analysis and simulated waveforms in RB§. A 2 V pulse witht,, = 15 ns (1.2 nJ/pulse
in simulation) resulted in a 75 mY oscillation acrossnput of the Rx(V, or Vg). Figs.
45a) and45(b) show the initiation and suppression pulses, respectively, whgratee

transmitted individually.
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Figure-8
Coils

Fig. 44. PHM measurement setup. Inset: FigureB coils ipIement(ei on FR-4 PCB as described in
[105].
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It can be seen that higQ, has resulted in a slow decay W oscillations at 33

MHz, which can lead toignificant ISI or low data ates. In Fig. 45), however, PHM is

applied

by

transmitti ngtdt®nspndPl=9.87s whicho r

are close to thealues calculated in through (15) and (18he result is significant

reduction in te ISI,

allowing data rates in excess of 5 Mbps in this particular

implementation, which is more than one order of magnitude higher than the data rate that

could be achieved without the PHM.

To bette quantify the bandwidth of thEeHM based inductive dataansmission

link, the GB1400wvas usedn the Tx to generate a randaerial data bit stream, aride

received serial datwas fedto the GB1400 on the Rx. Once the two GigaBERTs are

synchronized, they can measuhe BER in real time. Fig. 4hows a snashot of the

key measured waveforms in the PHM setup in &igwhen data rate was set at 5.2 Mbps

and theFigure8 coils were aligned at = 1 cm. These waveforms clearly show the effect

of the PHM suppression pulses in facilitating the detection ofithe B f

effectively reducing the ISI.
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Fig. 41a) shows the measured BER at different data rates wheas changed

from 8 to 20 mm. According to these curves, if the acceptable BER limit is defined at

10°, then the data rate of this pfeaf-concept PHM prototype can be considered to be

5.2 Mbps whend = 1 cm. Fig. 4{b) shows the changes in BER as a resulcaif

misalignments alon and Y axes as showninFig.42 The dat a

in this case are kept constant at Bl2ps and 1 cm, respectively. These curves show that

rat e

the Figure8 coils are more robust against misalignments along Hai¥ compared to

X-axis, which is in agreement witbarlier conclusions ifil05], which were based on k

variations.
1 |_
1.E-1 R B =
1.E-2
w 1.E-5 1 ‘ _.4’ : i
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.E-7 I - @ -5.9 Mbps
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Fig. 47. (a) BER vs. oils distance,d, at different data rates. (b) BER vs. misalignments in the Y ar

X axis at a data rate of 5.2 Mbps, and = 1 cm.
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3.4. PHM ASIC Implementation: A 10.2 Mbps Pulseharmonic-
modulation-based Transceiver for Implantable Medical

Devices

In the previous sectionthe PHM concept and its theoretical analygias
describedalong with measurements from &dete proofof-conceptprototype. In this
section afully integrated CMOS transceiver based on the PHM technigypeesented
which block diagram is shown indri48 On the transmitter side (Tx{ is charged up
to a voltage set by a digitad-analogconverter (DAC) andC, is charged up t&¥yq. Cais
then discharged into the primary coil followed Gy via an LGDriver circuit according
to a specific timing that is dictated by an FPGA that accepts the serial data bit stream to
be transmitted Tx-Data) The sharpcurrentimpulses passing througlh; as a result of
CJ/Cy discharges, couple onto the secondépf, tank, and initiate/terminate an
oscillation at thd_,C, resonance frequencly, across the receiver (Rx) input.

Inside Rx, which operates lwb on a noftoherent energy detection (ncED)

Rx

LC-tank

v T
a[o:2] ref T_|
| e e e e e e e e o e e e - = - = = = - —— -

Fig. 48. Block diagram of the Pulse Harmonic Modulation based transceiver. C1 representhe
parasitic capacitance of L1 and switches at the output of the LC Driver.
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scheme, theeceivedsignal is amplified, squared, and lgass filtered, and finally, a

comparator recovers the serial data bit stream.

3.4.1. Transmitter Design

The PHM transmitter, which is enclosed in the uppeshdd box in Fig48,
operates by charging a pair of capacit@sandCy, up toVyg andVyg-Vpac, respectively,
and discharging them into, to generate sharp initiation and suppression pul4gs. is
providedby a 5bit DAC, which controls the voltaget she lower terminal ofC,. The
DAC was designed based on folded resistor

[111]. Fig.49%a) shows a mre detailed schematic of the LOxiver block in Fig. 48 This

(a)
Single-Ended Mode Differential Mode
Data [~ 7—|_t0r__ Data[™17 |_0"
Sa L______________________________________________J] Sa J ;

(b)

Fig. 49. (a) Schematic diagram of the LCDriver block in Fig. 16. (b) LC-Driver timing diagram ( S is
the signal controlling the MUX in the PHM Tx in Fig. 16, which connectsS, to either Vg4 or the
comparator output).
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circuit, which is controlled by an ofthip FPGA througls, and S, signals, can operate
either in singleended or differential modewhich switching diagrantan be seen in Fig
49(b).

In the singleended modeS, = fa@ddthe right node df; is alwaysconneted
to V4q by Mpa TO generate the initiation puls& in Fig. 48 is set tofi00 |, c dahesi ng
multiplexer in Fig. 4dMUX) to connectS;, to Vyg, to turn My, on and charg€, to full
scale,i.e. Vq¢. During this charging perio&, = fa@dT, gate is openThereforeno
curent passes through. At t he onset (&ftoggles tofi kforéivey per i c
shorttime period tyw (Only a few ns in this designduring whichthe inductor currenty,
startsincreagng at a rate proportioal to di;/dt = Vy¢/L1. This current variation it is
responsible for inducing a voltage acrasswhich is depicted agy = Mdi/dt ~ Vgq in
Fig. 38 Of course there will also be voltage drops acMgsand T,, depending on their
sizes, which need to be considered mae detailed analysis. To end the initiation pulse,
Si s t ogagl e datwhiehdikeMf, shorts Bideft node oflL; to Vyg and provides
a path foii; to returnback to zero without causingndesiredoscillations.

After terminatingthe initiation pulse the FPGA applies the PHM time delay in
(15), tg, and at the same time prepares the transmitter for generating the suppression pulse
by settingS, = A ¥ndilar to the initiation pulse. The difference, however, is that this
time, & =1l 0, ¢ daMUKX mogconmectSy, to the output of a comparator, which
compared/cp andVpac. The comparator output is initially high beca¥gg = V44 > Vpac.
Therefore,M is turnedon and chargeC, up to the point wher&/c, = Vpac. At this
time, the comparator gput goes low and turrnd,, off to maintain the voltage acro€s
at Vyq - Vbac. The rest of the steps for generating the suppression pulse is similar to the
initiation pulse, and includes togglirly = A 1 & td commectC, in parallel withL;
and induiceVy = Mdiy/dt ™ Vyq - Vbac acrossl,. Obviously the it DAC input, S[1:4],

can be adjusted such th&{ - Vbac) / Vaga = P, which was calculated in §)L
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In the differential mode the initiation puls is generated by the right sidéthe
LC-Driver in Fig. 49@) by connecting the left node &f to Vyg (S = £ &dcharging
Cato full scale, i.eVyq, throughMpa. At t he onset ®foggbes fiaonp
tow, during whichi; increagstowards right. Then botf, andS, are loweredduringty, to
connect both ends a&f; to Vyq and reduce its current. At the same tifigjs charged to
V4d - Vbac and the suppression pulse is generated by the left side of g€} in the
exact same way as in the singleded modelt should be nad thatin this mode, since
the suppression pulse is already -@itphase withrespect tothe initiation pulse(i;

flowing in oppositedirections) unlike (15), ty should bean evermultiple of a half cycle

or simply
N
ty = T 4f1f, ¢N < TH,. a7)

Ron Oof Mn, and Mn, should be small to charg@, and C, rapidly and meet the
timing requirements of the desired data rate. In other wBgS; ,<< 1/DR andW/L for
Mny, and Mn, should be large. On the other hand, driving larger devices results in higher
power consumption per bit. In this desigh/Qmnamn= 20was chosems a compromise
between DR and power consumption requirements. Similar constraihtsuld be
considered in the design of Ta, Th, M@nd Mp, which are much larger devices
responsible for driving-;, and as such should be designed considering the chip area
constraints also. In this desigWi{L)ta = 1000 and \(V/L)mpampb = 1167 were alected
based or; specifications and posayout simulation results. It should also be noted that
the parasitic capacitances added by these switchés, &mdL; terminals are dwarfed by

the parasitic capacitance lof and values o€, andCy, which areoff-chip components.
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3.4.2. Receiver Design

The PHM signaht theRx input, Vg, is similar to the lowfrequency equivalents of
the IRUWB on/off keying (OOK) signals, in which the presence or absence of a number
of oscillations within a certain band represerit bi fi1 0 or fA[QlR],[118lespect
Among different architectures for such receiversn-coherent energy detection scheme
(ncED) is popular due to its low corgxity [114]-[116]. This architecture does not
require high power consuming blocks such as local oscillator (LO) or PLL for-down
conversion either, which makes it whle for low power applications. A recent
comparison in terms of energy per bit and data rate between coherent acwhamnt
UWB and narrowband receivers jhl7] showed an order of magnitude lower power
consumption in norcoherent receivers for data rates up to 10 Mbps. Moreover, applying
this method to higt@Q inductive links, which have high selectivity, can diminish some of
the drawbacks of the ncED architecture, such as susceptibility to noise andentazfe
Therefore astandard ncEEbased receiver architecture was used for the PHM I, t
block diagram ofwhich is shown n the lower dashed box in Fig. . 48he PHM signal
acrossVg is amplified and squared before passing through a Chebyshev LPF for its
energy to be compared with a reference value, which is determined by the noise floor and

level of interference in the system.

3.4.3. Measurement Results

The PHM transceiver prototype, shown in Fif), was fabricated in a 045m
3M2P standard CMOS process, ocdngy0.61 mni of chip area. Tw chips were used
in the presenexperimental setup, shown in Figl. Each chip was glued and wire
bonded directly on a-Bayer custom designed PCB (1 oz copper on 1.5thok FR4)
and covered with epoxy. Each PCB include8-trn planarFigure8 coil (see Fig51
inset), which specifigions are summarized in Table[#05]. The coils were held in

parallel and perfectly aligned using only roonductng materials, such as PVvVand
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Plexiglas.At d = 1 cm between the two coitsd perfect alignment, they hadsimulated

value ofk = M/Q(L1L,) = 0.012[105]. In addition, based o@, = 48 atf, = 67.5 MHz, the

bandwidth of the inductive linkam be calculated &8W = 1.4 MHz.To minimize the

effect of interconnects and SMA connectors onadhei | s 6 ma3grcra &and 4.25F i el d
cm clearancevere addean the PCB between the Tx and Rx coils and their associated

PHM transceivers, respectively.
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Fig. 51. PHM transceiver measurement setup. Inset: Inductie telemetry link made of a pair of plana
Figure-8 coils[105] (L; and L, in Fig. 48) on FR4 PCB, on which the transceiver chips have be
directly wire -bonded.
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Table 4
FIGURE-8 COILS SPECIFICATIONS

. Size #Turns Clearance SRF
Coil cm () (cm) L (nH) R (mQ) C, (pF) C; (pF) (MHz)
Ly (Tx) 1xI 2 3.4 105 85 2.1 - 338"

L (Rx)1.5x1.5 2 4.25 230 180 3.2 24.1 184.5"
“From HFSS finite element analysis simulations

In practice, the data coil and transceiver microassembly will be packed inside an
IMD with shorter interconnects angmaller parasitic effects, while the tissue volume
conductor can add to the coil sflil8parasitic

Generation of the randoserialdatabit streamto be transmittedTx-Data, and
BER analysis of the recoverathta, RxData, in Fig. 48were conducted by a pair of
Tektronix GB1400 (GigaBERT), shown in Fi$l Once the two GigaBERTs are
synchronized via a separate hardwired clock sighatlk in Fig. 48 they can measure
the wireless link BER in real timénstead of the receiver blogk the PHM transceiver
chip, initially a custoradesigned discrete RF receiweas usedin which easier access to
the internal nodesvas availableto observe and evaluate the effects of PHM on the
received signalProbing the inductive link directlywas avoided because thesuld
change its characteristics.

To achieveDR > 10 Mbps which was thetarget for this PHM transceiver
prototype, the oscillation acroksC, must be initiated and suppressed withia 100 ns.
If N = 3 complete cycles for the oscillatio® dedicatedo build up dter the initiation
pulse, and threenore cyces for the oscillation to die out after the suppression pulse,
before the next bit arrives, thmeeds to be 60 MHz. It should also be pointed out that
in a second order system with= 0.2 << 1, such a&L,C; in Fig. 38

L
Mpeaf—l °Q2=i —2 =48, (18)
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where Mpeaz2 is the peak magnitude of the transfer function, i.e. tHet&dm in the
denominator of1). Therefore, increasing by reducingC, while maintaining., constant
can lead to igher Q; and higher gain for the inductive link, both of which can lead to
better SNR at the receiver input. This is a major advantage of the PHM over previous
wideband carrietess data transmission methods, which can only operate when the link
Q-factor s low. High gain and @actor are key in inductive data links used in IMDs
because the coils distance, is in the cm range, orders of magnitude larger than
applications such as chtp-chip communicationf100], and there might be a strong
interference from a néay inductive power carrig®1].

For the above reason,= 67.5 MHzwas chosenUsingthe coils specifiedn
Table 4andN = 3, the main PHM parameters were found tdg9e52 ns and® = 0.92
based on () and (B), respectivelyIn Table 4 it can be seen that no tuning capacitor
(C) has been used for the primary coil to reduce Tx power consumyitiaas also
noticed that at thi§, sincety << f, = 2.5 usthe perbrmance of the PHM transceiver is
not very sensitive t®, and the wireless linklsoworks fine withP © 1. Therefore, the
PHM Tx was set to operate ithe singleended mode ot further reduce power
consumption. Figs. 52(a) and (bR from top to bottom she one of the LGDriver
control signalsSy,, which was appliedo the PHM Tx as shown in Fig. 48he received
RF signal at the output of the LNA, which is proportional\ip at the input of the
receiver, and the LPF output, which is proportional to theggneontent of the received
pulse around;, with and without PHM, respectivelit can be seen that thémination
of the suppression pulse in Fig2(b) renders the received data completely undetectable
at DR = 10.2 Mbps, while Figh2(a) clearly showsthe effectiveness of the PHM in
reducing the ISIConsideringVr = Vy4q = 3.3 V and the model shown in Fig8, the

channel loss in these measurements-2@kwg(Vr/Vr) = 40 dB.

83



Tek Prevu

vS, r ' t §

1 970 150 450 @1 110 150 4:0 0.4 40 1

g ~

A ‘1“ ALPETITTIY |,||
LA L |

T
: 200 mV
LNA Outpu ¢
/\ | \
f\ /\ f\ *f‘\ /’\‘ f \‘\ /f\ /
LPF Output % 0 mV. | |
] 200 ns
e i . ] : ‘ —>
i 200mv @ 100mv @ 5.00V )[Izlo.o'r:sx.lmlm ][fbi‘a’%i’-its][_a S 0.00V

*M va \‘ |w | .i il I

l
i
il

|

LNA Output’ 200 mv I ]
L e W e it
LPF Output \ o, I

2 o IO S \ M‘/ :
P Al =1 100mY N
(@ 200mV @ 100mv @ 500V )['2'o.ovnlstw o ] [fhs:\gcpso/:‘s] [_a‘.l' 0.00 v]

(b)

Fig. 52. Transmitter waveforms at the LC-Driver input and receiver waveforms at the LNA and LPF
outputs of the custom designed receiver, (a) with and (b) without PHM, whef = 67.5 MHz, DR =
10.2 Mbps,N = 3,t3 =52 ns,P = 1, t,, = 7 ns, andd = 10 mm. Elimination of the suppression pulse |
(b) renders the received data completely undetectable as a result of strong ISI.
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Fig. 53shows a snapshot of the key measured waveforrie PHMtranscever
setupof Fig. 51. Fromtop, the tansmitted serial data bit streanDd® = 10.2 Mbps,S, of
the LC-Driver, receiverVGA output, and recovereskrialdata bit streanare shown with
the Figure8 coils aligned atd = 10 mm. In Fig. 53b), because of thereng ISl in the
absence of the suppression pulse, the receiver has failed to recover the serial data bit
stream at this data rate. On the other handzugithe PHM technique in Fig. &3 has

resulted in correct detection of the serial data bit stieaan otherwise similar condition.

(@)

(b)

Fig. 53. PHM transceiver waveforms from top: Transmitted serial data bit stream at 10.2 Mbps, or
of the LC-Driver control signals, receiver VGA output, and recovered data bit stream, (a) with ar
(b) without PHM. It can be seen that while everything between these two measurents are the sam«
without PHM the Rx Data in (b) is completely erroneous.
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