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Abstract 
This paper reports the techniques for improving the char- 

acteristics of integrated antennas fabricated on silicon sub- 
strates for communications over air. Using these, the pair 
gain (GJ of antennas on 20-0-cm substrates has been 
improved by -lox over the previously reported result. 
Lastly, the possibility of realizing single chip radios with 
integrated antennas for communication over air is suggested 
by picking up, amplifying, and frequency dividing a 15-GHz 
sine wave transmitted from a 2-mm long on-chip antenna 
located 40 cm away using a packaged clock receiver with a 
2-mm long on-chip zigzag antenna. 

Introduction 
A monolithically integrated true single chip radio 

(pNode), which incorporates a transceiver, a digital proces- 
sor, a sensor and a power source has been proposed [ 1],[2]. 
The goal is to make this radio sufficiently sman so that it can 
be used like the Smart Dusts [3]. Currently, a version with 
working frequency of -24 GHz and range of 1-5 m is being 
developed. Since pNodes use on-chip antennas for transmis- 
sion and reception, integration of antennas on to a silicon 
substrate is a critical requirement. pNodes can be distributed 
in large numbers to sense environments, and groups of 
pNodes can form a self-organizing wireless communication 
network for collecting and transmitting data (Fig. 1) much 
like the Smart Dusts [3]. 

Previous works have established that waves can be trans- 
mitted through silicon substrates and they can picked up 
using integrated antennas for communication within a silicon 
integrate circuit [ 1],[4]-[7]. For pNode applications, the 
waves must be transmitted outside of the chip and propa- 
gated over free space. In fact, to improve antenna eficiency, 
it is desirable to reduce propagation loss in the lossy sub- 
strate. To study this, measurement set-ups have been pro- 
posed and the basic feasibility of using integrated antennas 
for communication over 5-m has been established [2]. In 
order to improve the robustness of communication, to reduce 
power consumption of radios, and to increase the range, the 
antenna performance must be improved. To accomplish this, 
the dependences of integrated antenna characteristics for 
communication over air on silicon resistivity, substrate 
thickness, the separation between an antenna and silicon 
chip edge, and the thickness of oxide layer between an 
* This work is supported by DARPA (N66001-03-1-8901) 
and SRC (885.001 & 885.002). 

antenna and silicon substrate have been investigated and the 
results are presented in this paper. This paper demonstrates 
that the power transmission over 5 m can be improved by 
-lox over the previously published result [2]. 
r - - - - -  

Fig. 1, pNode: a true single chip radio. The working range can be 
up to 5 m. 

Test Chip and Measurement Setup 
A testchip (Fig. 2) for integrated antennas is fabricated. 

The chip is similar to that used to study antenna characteris- 
tics for intra-chip communication [4]-[7]. All antennas are 
fabricated using a single Aluminum layer on an oxide layer 
on silicon substrates with no passivation. The metal thick- 
ness of all antennas is 1.5 pm and the metal width is 30 pm. 
Three different spacings between antennas and chip edge of 
-50 pm, 0.5 cm and 1.0 cm were obtained by dicing a chip 
using on-chip separation markers. The testchip area is -6 x 3 
cm2. 
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Fig. 2. An antenna test chip. 

To evaluate integrated antenna characteristics as a func- 
tion of the separation, two mobile wafer probe stands shown 
in Fig. 3 have been constructed using Derlin which is a type 
of plastic with E, of -3.7 [2]. Each stand is equipped with a 
probe holder and a cable connection to test instruments (Fig. 
3). These stands are used in two test configurations. The first 
test configuration (Fig. 4) utilizes a network analyzer for 
measuring antenna S-parameters [4]. The second configura- 
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tion (Fig. 5 )  utilizes a signal generator and a spectrum ana- 
lyzer. This second configuration enables measurements of 
power transmission gains of antenna pairs (G,, equation (1)) 
[4] as a function of antenna separations in realistic operating 
environments. G, includes the terms for gains of transmitter 
and receiver antennas and propagation loss. 
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Fig. 3. Probe stand 
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Fig. 4. Antenna measurement setup with a network analyzer. 

ss 
Probe 

Semi-Ri&i 
Cables 

Fig. 5 Antenna measurement setup with a spectrum analyzer and 
a signal generator. 

Measurement Results 
The power transmission gains (Gays) of pairs of 3-mm 

zigzag dipole antennas fabricated on 20-0-cm silicon sub- 
strates with a 3-pm oxide layer are characterized at 24 GHz. 
The silicon substrate thickness otherwise specified is 670 
pm. In this study, because of higher G,, 3-mm long antennas 
are used instead of 2-mm long antennas [2]. Fig. 6 shows 

plots of G, versus antenna separations up to 10 m for two 
different substrate thicknesses. The distance (x-axis) is in a 
logarithm scale. The theoretical points are calculated for a 
pair of 3-mm linear dipole antennas transmitting and receiv- 
ing in free space. The 3-mm on-chip antenna pairs with a 
670-pm substrate thickness have -20 dE? more loss com- 
pared to the ideal 3-mm dipole pairs, and -45 dB lower loss 
than that for a pair of probes. This loss is included in the 
antenna efficiency term of individual antenna gain (G, and 
G,) in Eq. (1). Clearly, this indicates that integrated antennas 
are critical to power transmission. G, approximately obeys 
the inverse square law up to 10 m. Fig. 6 also shows the plot 
for a pair of antennas fabricated on a 20-0-cm substrate with 
thickness of 100 pm. This lower thickness was obtained by 
backlapping the substrate. G,’s can be improved by -10 dB 
by this simple step due to reduction in substrate loss. It 
should be possible to improve G, even more by further thin- 
ning the substrate. 

Fig. 7 shows G, versus antenna separation plots for the 
antennas located at three different spacings from a 20-0-cm 
wafer edge. The transmitting antenna has a 50-pm spacing to 
the edge, and the spacing to the edge is varied for the receiv- 
ing antennas. The measurements were made in a lobby of a 
building which is close to the free space case (Fig. 8). 
Changing the separation from 50 pm and 0.5 cm has rela- 
tively small effect while increasing the separation to 1.0 cm 
decreases G, by -10 dB. This indicates that for antennas fab- 
ricated on 20-a-cm substrates, as long as the spacing is kept 
below -0.5 cm, significant loss due to silicon substrate can 
be avoided. 

Fig. 9 shows the input impedances for the antennas with 
varying spacings to the chip edge. The input impedances of 
0.5-cm and 1-cm spacing cases are similar, but the 50-pm 
case is much different. When the separation is decreased to 
50 pm, the real part of the impedance decreases because the 
antenna radiates almost directly to air with lower dielectric 
constant than that for silicon substrates. The data in Figs. 7 
and 9 suggest that by adjusting the spacing, it should be pos- 

M from ground=52cm 
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Fig. 6. Antenna gain vs distance in the outdoor dirt environment 
for 3-mm zigzag antennas on a 20-Q-cm substrate with a 3-pm 
oxide layer with 670 and 100-pm substrate thickness at 52 cm 
height. The measurement frequency is 24 GHz. 

698 31 -4-2 



sible to control antenna input impedance while not signifi- 
cantly degrading G,’s. 

Fig 10 shows G,’s for antennas fabricated on substrates 
with varying resistivity and oxide thickness. Once again, a 3- 
mm antenna fabricated on a 20-R-cm substrate with a 50-pm 
separation to the wafer edge and a 3-pm oxide layer is used 
as the transmitting antenna. The receiving antennas were 
fabricated on a 10-ma-cm with a 3-pm oxide layer, 20-R-cm 
wafers with 1, 3 and 9-pm oxide layers, and on a sapphire 
substrate. The separation between antenna pairs is 1 m. The 
sapphire case has the highest G,, and the 10m-Ckm case has 
the lowest G,. For the antennas on 20-R-cm substrates, the 
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Fig. 7. Antenna gain at 24 GHz vs. distance for different spac- 
ings to the chip edge on a 20-R-cm substrate with a 3-lm oxide 
layer. 

Fig. 8. Antenna radiation pattern measurement set-up. 
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Fig. 9. Input impedance for different spacings to the chip edge 
on a 20-R-cm substrate with a 3-pm oxide layer. 

Gays of antennas on the 1 y m  oxide layer is higher than those 
on 3 and 9 - p  ones. The 1-pm oxide layer case has - 1.5 
&/side higher G, than the 3-pm oxide layer case. The pen- 
alty associated with using a 20-0-cm substrate is -10 &/ 
side compared to using a sapphire substrate which is essen- 
tially a loss less dielectric. The difference for a pair should 
be -20 dB. 

Fig. 11 shows the radiation pattern for a 3-mm zigzag 
antenna, which was fabricated on a 20-R-cm substrate with a 
3-pm oxide layer. A 3-mm zigzag antenna is used as the 
transmitting antenna. Both antennas have the 50-pm spacing 
to the chip edge. The pair separation is 1.7 m. The pattern is 
similar to that for a pair of 2-mm long antennas on 1-pm 
thick oxide layer [2] and that for a pair of ideal short dipoles 
[2]. The set-up shown in Fig. 8 is also used for this measure- 
ment. G, varies around &? dB over -120 degrees. 

The dipole has large energy storage close to the antenna. 
The region close to the dipole antenna maybe liken to a 
spherical resonator within which pulsating energy is trapped 
[6] ,  so the performance of on-chip dipole antenna on a sili- 
con substrate significantly suffers fkom the loss. Because of 
this, as the data indicated, the power transmission gain of 
antenna pairs can be improved by thinning silicon substrates, 
increasing the substrate resistivity, and decreasing the spac- 
ing between the antenna and chip edge. 

Table 1 summarizes the numbers used in the link margin 
analysis for pNodes. For data rate of 100 kBits/sec, the 
expected sensitivity or the minimum signal the radio can 
detect is -95.8 dBm. Using the measured propagation and 
antenna loss, the received power is estimated to be -78 dBm 
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Fig. 10. Antenna gain at 24 GHz vs. substrate resistivity and oxide 
thickness for 3-mm zigzag antenna pairs. The antenna pair separa- 
tion is 1 m. It shows three sets of data. 
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Fig I I. 3-mm zigzag antenna radiation pattern. 
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Fig. 12. The setup for wireless interconnect system demo. 
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Fig. 13. Wireless interconnect system demonstration. The 
receiver locked onto a signal transmitted 40 cm away 
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