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Near-Field Direct
Antenna Modulation

Modern silicon-based technology processes have
opened a plethora of opportunities for
designing highly integrated millimeter-
wave systems by providing transis-
tors with cutoff frequency, fT, of

more than 200 GHz [1]–[5]. At millimeter-wave
frequencies, the wavelengths are comparable to
the die size, and this inspires the integration of
the radiating elements and active circuit
components on a single silicon die.
Although integration of millimeter-wave
systems on a silicon substrate lowers the
cost and improves reliability, there are sev-
eral challenges that must be addressed
appropriately [1], [2]. Because of con-
straints imposed by the fabrication of
active components, the substrate resistivity
of the silicon substrate has to be very small
(�1–10 � cm). This low resistivity causes
energy loss into the substrate and lowers the
quality factor Q of unshielded on-chip passive
components such as inductors, transmission lines,
and antennas and hence results in the degradation of
power efficiency and noise performance. The finite con-
ductivity of metal structures causes further energy loss in inte-
grated systems. Since the skin depth becomes very small at mil-
limeter-wave frequencies (e.g., the skin depth of copper at 60 GHz is approximately 300 nm), the ohmic loss in metal
structures significantly increases, degrading the performance of passive devices. 

As transistors become smaller and faster, their breakdown voltages become very low, introducing a serious chal-
lenge to power generation in integrated systems. Rather than implement a single amplifying block that requires a
high voltage swing, it is more promising to use a parallel structure of multiple amplifying elements with a smaller
swing and combine the output power.

Aydin Babakhani, David B. Rutledge, and Ali Hajimiri are with California Institute of Technology, 
Pasadena, California 91125 USA.

© EYEWIRE

Aydin Babakhani, David B. Rutledge, 
and Ali Hajimiri

Digital Object Identifier 10.1109/MMM.2008.930674

Authorized licensed use limited to: CALIFORNIA INSTITUTE OF TECHNOLOGY. Downloaded on March 31, 2009 at 12:47 from IEEE Xplore.  Restrictions apply.



The combination of many high-performance transis-
tors and on-chip metal structures comparable to the
wavelength, which can be used as on-chip radiators, is
revolutionizing the design of millimeter-wave and sub-
millimeter-wave transceivers and antennas. 

In this article, the design of the millimeter-wave
integrated antennas is discussed, the concept of near-
field direct antenna modulation (NFDAM) is intro-
duced, and the implementation of a 60-GHz proof-of-
concept chip based on NFDAM is presented.

Millimeter-Wave Integrated Antennas
One of the primary challenges in designing on-chip
antennas on a silicon substrate is the high dielectric
constant of silicon (�r = 11.7). To understand the
importance of the dielectric constant, a simple dipole is
placed on the boundary of semi-infinite regions of air
and dielectric, as shown in Figure 1. The percentage of
the power coupled into both the air and the dielectric is
plotted in Figure 2. The figures indicate that for the case
of a silicon substrate with �r = 11.7, more than 95% of
the power is radiated into the silicon rather than the air.

To avoid coupling the signal into the silicon sub-
strate, a ground plane may appear to resolve the prob-
lem. There are two ways to implement this approach.
One way is to make an on-chip ground plane by using

the lowest metal layer (e.g., M1) while placing an on-
chip antenna on the topmost metal layer. Unfortunately,
the distance between the topmost and the lowest metal
layers is only a few micrometers in today’s process
technologies. This small distance almost shorts the
antenna and reduces its efficiency to below 4–5% [1].
The other way to implement a ground shield is to place
an off-chip metal plane onto the backside of the silicon.
In this case, because of the rectangular shape of the die
and its thickness of several hundred micrometers, most
of the dipole power gets coupled into substrate modes.
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Figure 1. Radiating from top side without any ground
shield [1].

Air, �r = 1 

Dielectric, �r = �d

Topside

Figure 2. Ratio of the radiated power into air and into the
dielectric substrate as a function of the dielectric constant [1].
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Figure 3. Radiating from the back side of the chip by
means of a silicon lens [1].
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Figure 4. Measured E-plane patterns of two adjacent
antennas on a silicon chip with a back side silicon lens.
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To understand the importance of the
dielectric constant, a simple dipole is
placed on the boundary of semi-
infinite regions of air and dielectric.
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