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Problem Statement

MEP Advanced Technologies NRA 03-0SS-01 Telecommunications and Tracking

Develop a highly-miniaturized, extremely low-mass,
low-power UHF Micro-transceiver module for
aerobots, microrovers, penetrators, and small
networked landers.

Key Challenges, Benefits, and Tradeoffs

— Existing transceivers (e.g. C/TT-505) measure 2000 cm3, @ T8
weigh 2 kg, and draw up to 60 Watts on transmit and 6 Watts Electra UHF Transceiver
on receive. (p/o MRO relay to earth)

— Target volume and mass of microtransceiver is approximately
5 cm?3 and 5 grams (50 grams) for PC board (metal-housed)
form-factor implementations.

Electra-Interoperable

— Target power consumption is 50 mW on receive (< 1 mW UHE Microtransceiver

using sleep mode), and 100 mW /300 mW / 3 W on transmit
for 20 mW /100 mW /1 W output.

— Mission tradeoffs include reduced data-volume return at lower
transmit powers, half duplex operation, and limited packet
handling/formatting, in exchange for one to three orders of
magnitude reduction in mass, volume, and power.
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Micro-transceiver Development -
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Size/Mass/Power Reduction Techniques

i Microtransceiver Electronics i
. l : < Sl e Design employs a two/three chip solution
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W — Analog/RF circuits and COTS parts
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Telecommunications and Tracking
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Scheduled Fabrication Runs
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1. RFIC receiver blocks and temp-stable bias Mar 05 4. Full-transceiver RFIC (100 mW die) Sep 06
circuits

2. 1st RFIC receiver prototype + 100mW PA Sep 05 5. Digital receiver and control circuits Mar 07
prototype (+ LNA 2nd spin + SD PLL prototype)

3. 1W PA prototype Mar 06 6. Re-spin as needed Variable

Fab 1 Receiver
March 2005

Fab 2 Transmitter

Sept 2005

Fab 3 1-Watt PA
March 2006
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Fab 4 Transceiver
Sept 2006
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Fab 1 Receiver Prototype Circuit Design (March 2005)

Off-Chip Filter ~ Av=0.5 ontional
fo =10.7 MHz Gp=-6dB - ptiona
BW=300 kHz ™~y 2 Analog IF
435 MHz 2kQ 1mv Output
-130 dBm (70nV) _55dBm Ampl 3 -
@ 1kbis Av=70* AVZBO00* betector—<22d-2> Amplitude
Av=40 Gp=24dB -
Gp=16dB S GAprZZB%*B Av=0.25 Gp=57dB | g7y
TR & Gp=9dB One-bit
Swich S¥ > —[>‘>f> Clocked | 3y Oversampled
NF=2dB ’:‘ Comparatof IF Data
'T\ A Sample Clk
i ) e.g. 19.200
I Gain (
500 Q 40k 40kD 330 Control ~ 40kQ MHz)
From Synthesizer SPI |« Gain Control
TR Switch & TR Switch
Control Control

*NOTES: 90 dB of gain control provided in 6dB steps. 15dB excess gain provided by circuits shown.

Careful on-chip supply filtering
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RF Integrated Circuit Development @
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Fab-1 Receiver Prototype Testing (Summer/Fall 2005)

NV

RF Transceiver Circuits To/ From Host « Successfully tested from RF-in to sampled IF-out
| RIPIE $ » Low temperature testing showed nominal behavior to
™ [ pigital —100C with low parametric drift

I o e « Identified areas needing improvement in subsequent
v Fg“”o' fabs to fully meet performance goals:
Receiver =@
/\Sﬁ A 1. Improve LNA gain to achieve system NF spec
| COTS coTs 2. Provide finer tuning steps and reduce spurs

TCXO
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Mirl 16,788 Mz
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Feak
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Packaged
die on PCB

PR
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Spectrum of 1-bit ADC
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Fab 2 Transmitter RFIC Circuit Tapeout (March 2006)
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Fab-2 Chip Testing

MEP Advanced Technologies NRA 03-0SS-01 Telecommunications and Tracking
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Fab-2 Chip Testing
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Fractional-N Synthesizer Operational after PCB mods
(Phase Noise, Spurs, and Power Consumption Acceptable)
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Ref 8 dEm fitten 18 di -9.783 diim

Peak

Log

14

dB/

434.400008 MH=z
-P789 {Bm
s |

53 FI
i R L \

100 MH

Fab-1 Integer-N Architecture FRPLA LA N A
- - Mirl 404,409 MY,
Tuning step size = 4.8 MHz ool AT ([0 frenth & ~ ceats e‘
sRes EW 160 Wiz [, -+ |
VvCO 1];/
Coarse 1
unt
—>| Loop Filter T = 10T iz Marker bl
404.400000 HH;."- ! !
o W 52 '_g l,ﬁ' H‘E_'E i
53 FC 1
i o Agilent  1E:PE2 0 Jam 29, 20AE
Mirl  494,40039 MHz
geflﬂ B Ftren 18 dB -@.184 dBm
I
Canrer 4844 Miz 18
sfias BN 1 kHz 4B
Mark | ;
ﬂg‘ domee iz | | |
- LB HB | T e p
Hl 52
53 FC
AR
Fab-2 Fractional-N Architecture .
Center 2844 Mz Soan 10 WAz
WHes EH 38 Hz WEH 1 Hz Sneep 10,14 5 (491 prs)

Tuning step size = 2.34 kHz
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Fab-2 Chip Testing
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Full Transmitter Spectrum and Constellation Tests

<<;7 . . . To / From Host
RF Transcm Microcontroller

RFIC 4

Transmitter s o
Caiitrol Dlgltal
Optio Modem
1W PA Synthesizer [ and
status Control
/ IC
IF out

Receiver
I
Frequency Referenc:
/ | (oo e e
COTS

TCXO

- MARS FABZ
KsSu/JPL

Packaged die on
revised PCB

 All circuits operational and tested to -100 C

* ldentified areas needing improvement in subsequent
fabs to fully meet performance goals:

1. Provide dedicated vdd/gnd pins to TCXO to address
PLL locking problems

2. Increase PFD/CP current to allow wider loop
bandwidth and reduce phase jitter and EVM

3. Provide dedicated ground on loop filter and more
Vdd/Gnd bonds on PA to address constellation EVM
problems

Transmitter signal

BPSK spectrum -
constellations (1kbps BPSK)
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RF Transceiver Circuits

To / From Host
Microcontroller

RFIC )
I Transmitter TXdaz o
Control D Igltal
Optional Modem
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Fab-2 Chip Testing
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Fab-3: 1-Watt Power Amplifier Successfully Tested

Microtransceiver Chipset Block Diagram
%

e Measurment of PA output on
-’ - ERICEEEE c =g spectrum analyzer.

RF Transceiver Circuits To/ From Host
Microcontroller

| RFIC 0

A ‘
%‘ \'ransmitter i>data o
Digital

I

* 20 dB attenuator protects

[

T 0 instrument
Optional oaem r ,
1W PA and foset of 20 dB added to
_ saws | Control display

IC

Receiver [F i

 Accuracy approx +/- 0.5dB

» Meets spec, although some
variation between die

* Tested to 4V for safety

COTS COTS
BPF TCXO

Frequency ReferenceT

Fab3 PA Pin Vs. Pout & PAE

3 31 e 30
arker =" +
400.000000 Mz > f—%/“kr e
2 E» = ==
=5 10 = o 2y
z % — 0
* ;// 18
2 fae 16
73 14

10 I11 I 12I13 ‘14l15 l16 I1? IIS I19 I2CII21 I22l23 .24"25
Photo of die mounted in package and package on PCB Pin 1dGml

Completes initial development of all major Microtransceiver RFIC prototype circuits.
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PC board developed to allow hardware test of digital modem
signal processing

Will also allow early system-level hardware testing to
investigate PCB noise issues

Employs Fabl Receiver and Fab2 Transmitter RFICs
JPL will use Spartan 3E FPGA for digital circuit testing
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4-Layer PCB Layout
Approximate size =5x5cm
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Fab-4 Full Transceiver Chip (Fall 2006)

Test Structures

Synthesizer

Fabl die (Mar 05)

T _. LI B Fabs die
4 : o e (Sept 06)

Low Noise Supply Mixer and
Amplifier Filtering IF Subsystem | =

New cells

Fractional-N

10 mW / 100 mW PAs : ;
Synthesizer

* Die size increased to 3.2 x 3.2 mm, 60 pins

» Corrected problems found during fab-1 and fab-2
testing, adding differential signaling, extra pwr/gnd

pins, etc.
Fab2 die (Sept 05) * Added analog 1Q modulator inputs, analog IF output,
temperature sensor, lock detector, standby current
LowNoise  Mixerand predF et mode, and full digital control (programming and
Amplifier  fiter amplifiers  SUTUCHUres status registers).
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REF 10,00 diks
10000 "AVew fato 1|

* CENTER
., 10.7000 MHz

Fab4 Test Results (2007) S,

i
|

vdd
(multiple)

Offset
on OFF
R e sc”w“
TCXOe e Pwibn " | —
Pwr .
L 1 SPAN 000 MM r . ke
RUW 10 ki VIR 10 Mz WS ATT 1040 [CLTRRT W WP 25w S ATT 0di
1Q Idata
| Lo 1Q Mode
iy ModeSelect l«— pgmLatch ) -120 dBm RF signal converted to 10.7
_ P -120 dBm RF signal converted to 1Q.7 MHz IF at 1 kHz RBW, validating 3 dB
MPAin VCOcoarseTune Sty — e pgmpata MHz IF at 10 kHz RBW, demonstrating noise figure and no in-band spurs (this
Hoout full sensitivity. ; ;
P Aot oot le— pgmCIk ty plot does not include switch losses)
Gain
1WPAoN<— s00450 MHE T e
MPAena—>f Synthesizer spare Ref .
- - . HEF 20,00 d8m ) ) . . MEH IU.'JII'!'!_M“!
$ [ T - . lnnuw TAWNbe Aule B Bk sl ik Al 51,0 a8
———> StatOut chl Zzoom: 1.0 ) iz L " CENTER
’Tmp’)i PIS | le statClk | . 1070137 MHz
Senso t
T i
Gain \\ u \| 1\ !V\ Hlili 1 l’l\l |'1[\|
i a.w.l i =
RF'n» A sD}I QOFF
CF Slep Sice
AUTO | MNL

s
CENTER 10.70137 MHz SFAN 1000 kHz
HEW 300 H VEW 10 HZ HWP 425 ATT 10 dB

Ground i
(multiple) IFout IFin 1-bit ADC output datastream with Spectrum analyzer view of 1-bit ADC
19.2 MHz sample rate. Single-ended output bitstream validating end-to-end
output shwon. receiver operation.
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Fab4 Test Results Summary G

*Green = working *Red = problem found

MEP Advanced Technologies NRA 03-0SS-01 Telecommunications and Tracking
Tested Items Items being debugged
e Some constellation issues in 100 mW
Serial to parallel programming registers mode
Power-on resets
TCXO clock output Items not yet tested

VCO coarse and fine tuning

BPSK and RC-BPSK modulation
(including new line receivers)

10/ 100 mW PA outputs

TR switch on both TX and RX modes
Receiver, through IF filter

ADC output

Analog IF output

Synthesizer reference divider
PFD/CP output

Status register output

Lock detect (design problem found)
Nominal current consumption

 Analog modulation inputs
» Temperature sensor

» Power down switch circuits
» ESD tolerance on RF input
» Temperature tolerance

(will be fixed in 2007 fab when
additional refinements are also made)
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Evaluation Board with Full Chip Complement @
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Developed for evaluation of Micro-transceiver V' oo o
by Mission Planners RFic ?

%‘~ Transmitter TX data
Control Digital
Optional Modem
Status Control

IC
SRR R i Receiver IF out
OF.F'I IU ————— — - ——— P— S | -, ors
ey o i |
X .._.. - 3 - ; - ; v

e4dcmx6cm

* 4-layer PCB with internal power and
ground for signal integrity

» JTAG programming connector
» LED status lights for testing

* CMOS 1/0 to host processor on
board edge connector

= 50 Ve = a2y LG 7 * SMA RF connector to antenna/test-
B JGH oL i) - | equipment

' ESO3C}3|“ | wEal - r SRR | S R « On-board regulators for protection
_[oo\0ie_& _ - noo. - §EEEE of overvoltage
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Evaluation Board Photo and Size
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RFIC Portion
Full 1-Watt Eval-Board
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Microchip UHF ASK/FSK Microchip UHF ASK/FSK
Transmitter Receiver

5-\-’-: i

L

A

MicrocHIP

RFEN (GP3)O
DATAask (GP2)®

®

." ” ~ ... "’," oo ;\? N\ S8

» Two-chip solution, and no T/R switch * Not designed for cryogenic temperature
e <+2 dBm versus +20 to +30 dBm RF output * Not Rad-Hard
*>-110 dBm versus -120 dBm sensitivity « Not Prox-1 Compatible
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ANALOG
DEVICES

High Performance Narrowband

ISM Transceiver IC

ADF7021

FEATURES

Low power, low IF transceiver
Frequency bands

80 MHz to 650 MHz

862 MHz to 940 MHz
Modulation schemes

2FSK, 3FSK, aFSK
Spectral shaping

Gaussian

and raised-cosine filtering

Data rates supported

0.05 kbps to 25 kbps
2.3V to 3.6\ power supply
Programmable output power

-16 dBm to +13 dBmin 63 steps
Automatic PA ramp control
Receiver sensitivity

—125dBmat 1 kbps, 2 FSK
On-chip VCO and fractional-N PLL

Rina

RFIN
RFINE

RFOUT

On-chip 7-bit ADC and temperature sensor
Fully automatic frequency control loop (AFC)
Digital RSSI

Integrated Tx/Rx switch

Leakage current <1 pA in power-down mode

APPLICATIONS

Narrow-band standards
ETSI EN 300-220, FCC Part 90, FCC Part 15, FCC Part 95,
ARIB STD-T67

Low cost, wireless data transfer

Remote control/security systems

Wireless metering

Private mobile radio

Wireless medical telemetry service (WMTS)

Keyless entry

Home automation

Process and building control

Pagers

FUNCTIONAL BLOCK DIAGRAM

RSET

CE CREG(1:4) MUXOUT

POLARIZATION

Lo

TEST MUX

PA RAMP

DIVIDERSI
MUXING

GAUSSIANI
-~ RAISED COSINE
4FSK
MOD CONTROL s b

CLK
PVR [rine osc

25K
% i DATA CLK | T<DATA
cLock ;
IFFILTER— o P ESET o | o| ANDDATA | w| TxRx  lam-()DATALIO | RxDATA
DEMODULATOR RECOVERY CONTROL
AN L&) swD
! AGC ¢
CONTROL SLE
SERIAL SDATA
AFC PORN; SREAD
CONTROL e

IFSK
ENCODING

Figure 1.

©8C1  0OSc2

CLKOUT

oo

o 58 .8
08 O poomAlo0ox
3656358883838 32
/@m@@@@@@@@@m
[ ]
~.
VCOIN [ 1] ﬁlﬁl?:mre
CREG1 [2]
voD1 [3]
RFOUT [4]
RFGND [5 ]
RFIN [5] ADF7021
TOP VIEW
RFINB [7 | {Not to Scale)

Rina (8]
vDD4 [39]

36| CLKOUT
35| TXRXDATA
[34] TXRXCLK
33] swD

32] vDD2

[31] CREG2

[30] ADCIN
[29] GND2
28] sCLK
[27] SREAD
26 | SDATA

RSET [10]
CREG4 [11]
GND4 [12]

AN S
[2][=][=][e] = =][= 8] ][R 1= 3]
JEIoEpaspe e
EEEEEEOEEo@

Figure 10. Pin Configuration

* Sensitivity to -123 dBm

25| SLE

05876-006

o Full on-chip frac-N synthesizer

* No T/R switch

» <+13 dBm versus +20 to +30 dBm RF output

 Not designed for cryogenic temperature

» Not Rad-Hard
» Not Prox-1 Compatible



To Learn More...
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Public Site

www.eece.ksu.edu/research/mars

Intended Audience

e General Public / Academics
» Scout Mission Planners
* New Project Personnel

Contents

» Conference published material

 Photos illustrating product
form-factor, testing, etc.

 Links to publicly available on-
line documents and sites

Developed for the M ian Environment

amrmuum lﬂ.l,lmmlmw:m

nity Mera-Trn.- | ] btpsthomsn conien com... | ) hbtms)ipuohe cxachi craip..
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Published Papers

* W. B. Kuhn, M. Mojarradi, and A. Moussessian, “A resonant switch for LNA protection in watt-level CMOS transceivers,”
IEEE Transactions on Microwave Theory and Techniques, 2819-25, Sep 2005.

* Yogesh Tugnawat and William Kuhn, “Low Temperature Performance of COTS Electronic Components
for Future MARS Missions,” 12" NASA VLSI Design Symposium, Coeur d'Alene, Idaho, October 4-5, 2005

» William Kuhn, Norman Lay, Edwin Grigorian, “A Low-Volume, Low-Mass, Low-Power UHF Proximity

Micro-Transceiver for Mars Exploration,” 12" NASA VLSI Design Symposium, Coeur d'Alene, Idaho,
October 4-5, 2005

» William Kuhn, Norman Lay, Edwin Grigorian, Dan Nobbe “A UHF Proximity Micro-Transceiver for Mars Exploration,”
2006 IEEE Aerospace Conference.

* Yogesh Tugnawat and William Kuhn, “Low Temperature Performance of COTS Electronic Components for
Future MARS Missions,” 2006 IEEE Aerospace Conference

«J. Jeon and William Kuhn, “A UHF CMOS Transceiver Front-end with a Resonant TR Switch,” 2007 IEEE RAWCON

In Preparation

* William Kuhn, Norman Lay, Edwin Grigorian, Dan Nobbe “A Micro-transceiver for UHF Proximity Links including Mars
Surface-to-Orbit Applications,” Accepted to special issue on Proceedings of IEEE.
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