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Characterization of 300 GHz Wireless Channel on a
Computer Motherboard

Seunghwan Kim,Student Member, IEEEand Alenka Zajić,Senior Member, IEEE

Abstract—This paper presents characterization of 300 GHz
wireless channel on a computer motherboard, where several
different measurement scenarios have been considered. Results
indicate that the presence of the ground plane and/or vertical
parallel-plate structures in the channel introduce multipath that,
if constructively superimposed, may create a path loss lower
than free-space propagation path loss. Additionally, it has been
found that a few centimeters of vertical misalignment between
the transmitter and receiver result in a path loss greater than
5 dB. Furthermore, the results indicate that vertical components
such as a Dual In-line Memory Modules (DIMM) with reflection
coefficient close to one for all incident angles can be used tocreate
Directed non-line-of-sight (DNLoS) links with wide coherence
bandwidth. Finally, for LoS propagation obstructed by large
objects, such as a heatsink, the path loss exponent of 1.77 isfound,
while the rotating fan causes periodic fading in the received
power indicating that channel equalization techniques will be
needed to overcome deep fades. All these results indicate that
optimal communications can be achieved by carefully positioning
the antennas with respect to the motherboard layout.

Index Terms—Chip-to-chip wireless channels, THz commu-
nications, channel sounding, channel measurements, channel
characterization.

I. I NTRODUCTION

Data communication between computer components, such
as processor and memory within a computer system, currently
relies on metal wires and a transition to optical waveguides
is expected in the future. While optics promise much higher
bandwidth (and thus improved computing performance), both
wires and optics suffer from significant challenges in terms
of assembly cost, airflow, service time, and overall cost, etc.
[1]-[3]. For system components, the number of pins or optical
interfaces that a small chip package can have is limited, and
sophisticated connections can also make component insertion
(e.g. during assembly) and removal (e.g. to replace a failed
component) more time-consuming and costly [4]-[6].

Wireless communication can alleviate such cable man-
agement, serviceability, and packaging constraints [7]-[24].
Integration of wireless transceivers and antennas into thechip
package would provide communication bandwidth without
adding pins or fiber connectors to the chip package. A key
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challenge for wireless communication is that the required
data rates in existing systems are already in the hundreds of
gigabits per second. For example, a computer in a typical high-
performance cluster gets 56 Gbits/s through an InfiniBand
FDR X4 link [25], and this is expected [26] to improve to
100 Gbits/s this year (InfiniBand EDR) and to 200 Gbits/s in
2017 (InfiniBand HDR). Achieving such per-link data rates
is unlikely to be feasible for wireless communication at mm-
Wave frequencies. As an example, WiGig [27] uses 60 GHz
frequency range to provide up to 7 Gbits/s using OFDM, 64-
QAM, and sophisticated coding.

Terahertz (THz) wireless communications have two key
advantages that can be combined to achieve the required
data rates [28]. First, the usable frequency band around each
frequency is much larger, so each channel can have a much
higher data rate. This alone can increase data rates to several
tens of Gbits/s, but spatial multiplexing is still needed to
reach Tbits/s data rates. Fortunately, THz frequencies allow
smaller antennas and antenna spacing, which provides for
more communication channels within the same array aperture
within a chip package. Finally, THz wireless communications
offer some potential advantages relative to free-space optical
communication because it also allows wireless communication
within a system where free-space optical faces the problem of
getting out of and into the chip package.

To enable chip-to-chip THz wireless communications, it is
imperative to understand propagation mechanisms that govern
communication in the unique propagation environment of a
computer system (motherboard) at these high frequencies.
While measurements on the computer motherboard have been
reported at lower frequencies [16]-[19], to the best of our
knowledge, no channel measurements in the computer mother-
board environment at 300 GHz have been reported in the open
literature. As the first step toward characterizing 300 GHz
chip-to-chip channel on a motherboard, we have performed
measurements in five different scenarios: Line-of-Sight (LoS)
in the presence of a large ground plane (i.e. motherboard), a
LoS with the height difference between the transmitter (Tx)
and the receiver (Rx) (e.g., link between the processor and
memory), a Reflected-Non-Line-of-Sight (RNLoS) link via
reflection off the surfaces of vertically inserted components
(e.g., link between Dual In-line Memory Modules (DIMM’s)
or graphic/sound cards), an obstructed LoS (OLoS) scenario
where the EM waves travel through the metal parallel-plate
structures (i.e. between two DIMM’s), and finally, no LoS
(NLoS) scenarios with a heatsink and a rotating fan as
obstructions.

The contributions of this paper are:
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1) Analyzed path loss measurements in the computer moth-
erboard environment. The results show that the pres-
ence of the ground plane or parallel-plate structures in
the channel introduces multipaths, whose constructive
superposition can result in path loss lower than free-
space propagation path loss. Therefore, optimal chip-
to-chip communications can be achieved by carefully
positioning the antennas with respect to the mother-
board layout with the tolerance of few wevelengths (i.e.,
< 10λ = 1 cm).

2) Devised parameters for the single-slope path loss model
for the considered LoS and NLoS scenarios. It is found
that a LoS channel on a computer motherboard with a
few centimeters of height difference between theTx and
theRx (e.g. processor-memory link) has a negative path
loss exponent of−4.63 with negligible shadowing. Also,
the results show that the NLoS links with a heatsink as
obstruction has the path loss exponent of1.77.

3) Analyzed the power delay profiles (PDP) and the re-
sulting rms delay spreadτrms, the mean excess delay
τm, and the coherence bandwidthBc. For RNLoS links,
the back side of a DIMM has been found to be an
excellent reflecting surface with the widest coherence
bandwidth achieved for specular reflection (i.e. receiver
angle equals transmitter angle). On the other hand, for
the component side, the coherence bandwidth is only a
third of the back side’s, and specular reflection does not
necessarily ensure widest coherence bandwidth due to
the high surface roughness and material inhomogeneity.
For the fan-obstructed NLoS link, it is found that the
rotating blades periodically block the signal, creating
fading dips that are separated by3.2 ms in the measured
received power. The result indicates that a synchroniza-
tion technique is needed for this particular scinario, such
that signal bit sequences can be delayed during the times
of deep fades.

4) Analyzed reflection coefficients of the reflecting surfaces
for RNLoS environment. It is found that the DIMM’s
back side has a high reflection coefficient close to1
for all incident angles, while its component side has a
reflection coefficient that fluctuates between 0.2 and 0.9
with different incident angles.

The remainder of this paper is organized as follows: Sec-
tion II briefly describes the equipment and the antennas usedin
the measurements. Section III describes in detail the five mea-
surement scenarios, and Section IV presents the measurement
results and analysis of the measured data for each scenario.
Finally, Section V provides concluding remarks.

II. M EASUREMENTSETUP

The measurement setup consists of the N5224A PNA vector
network analyzer (VNA), the VDI transmitter (Tx210) and
the VDI receiver (Rx148). The N5224A PNA VNA provides
input signal in the range 10 MHz-20 GHz. In the VDI Tx210
transmitter, the terahertz-range carrier signal starts out as a
25 GHz signal, which is generated by a Herley-CTI phase-
locked dielectric resonator oscillator (DPRO with 100 MHz

reference crystal oscillator) [29]. This signal is amplified and
its frequency is doubled using Norden N08-1975 [30], and
then its frequency is tripled using VDI WR6.5X3 [31]. This
signal is then fed to a sub-harmonic mixer (WR2.8SHM) that
plays a dual role of doubling the carrier frequency and mixing
it with the baseband signal (10 MHz–20 GHz, delivered by
the VNA) [32]. The terahertz-range signal is then transmitted
by the high-gain horn antenna in the range 280-320 GHz.
At the receiver side, the same components are used to down-
convert the signal, except that the DPRO is tuned to 24.2 GHz.
This results in a down-conversion of the received signal to an
intermediate frequency (IF) of 9.6 GHz. The upper sideband
of the down-converted signal is then recorded by the VNA in
the frequency range of 9.6-29.6 GHz. A block diagram of the
measurement system is shown in Fig 1, with all measurement
parameters summarized in Table I. Note that the input signal
power,Pin, is the power input to the transmitter (Tx) module,
not theTx antenna.

Fig. 1. A block diagram of the measurement system .

TABLE I
MEASUREMENT PARAMETERS.

Parameter Symbol Value

Measurement points N 801

Intermediate frequency bandwidth fIF 20 kHz

Average noise floor PN -90 dBm

Input signal power Pin -5 dBm

Start frequency fstart 10 MHz

Stop frequency fstop 20 GHz

Bandwidth B 19.99 GHz

Time domain resolution t 0.067 ns

Maximum excess delay m 40 ns

The antenna used in the measurement is a pyramidal horn
with gain that varies from22 to 23 dBi from 300 GHz
to 320 GHz, respectively. BothTx and Rx antennas are
vertically polarized and mounted about1.5 cm above the
ground. The theoretical half power beam-widths (HPBW) are
about10◦ in azimuth and elevation. Also, the largest physical
dimension of the horn aperture is4.6 mm, which defines the
far-field boundary to be4.23 cm at 300 GHz according to the
Fraunhofer distance.
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III. M EASUREMENT SCENARIOS

In this measurement campaign, five different scenarios have
been considered:

1) Line-of-Sight (LoS) in the presence of a large ground
plane

2) LoS with the height difference between the transmitter
(Tx) and the receiver (Rx)

3) Reflected-Non-Line-of-Sight (RNLoS) link via reflec-
tion off the surfaces of vertically inserted components

4) Obstructed-LoS (OLoS) scenario where the EM waves
travel through the metal parallel-plate structures

5) NLoS scenarios with a heatsink and a rotating fan as
obstructions.

Fig 2 shows the chip locations that exemplify Scenarios2, 3,
and4.

A B

E

F

C D
DIMM

Corridor

Fig. 2. LoS CPU-AGP link (A-B), RNLoS link with DIMM as reflecting
surface (C-D), and OLoS link through parallel-plate structures (E-F) on a
motherboard.

A. LoS over a Large Ground Plane

In contrast to traditional LoS communication environment,
where antennas are sufficiently elevated so that ground plane
has negligible impact on the measurements, in a chip-to-chip
environment antennas are located very close to the mother-
board (i.e., large ground plane). Therefore, it is necessary to
characterize LoS propagation in the presence of a ground-
reflected path. To separate the impact of the motherboard
surface from that of other components on the board, we have
used the backside of the motherboard and varied theTx/Rx

antenna height,h, to characterize the effect of the ground plane
on the path loss. The measurement setup is presented in Fig. 3,
whereh is varied from0 cm to 2.1 cm above the board. Please
note that the antenna height of0 cm refers to the case when
the bottom edge of the horn touches the board surface, at
which height, the phase center of the horn is4.575 mm above
the surface. Additionally, to test different materials that the

motherboard surface consists of, we have measured LoS path
betweenTx/Rx when signal travels over a more solder-pin-
populated portion vs. flat FR4 surfaces. Finally, the material
of the desktop, on which all measurement scenarios have been
setup, is plywood.

Fig. 3. LoS propagation between theTx andRx over the motherboard.

B. CPU-AGP Link (Link A-B)

The LoS links on computer motherboards are prone to
vertical misalignment betweenTx andRx antennas because of
the chips that could be either located on the horizontal surface
of the board or on vertical planes of the components that are
vertically inserted into the slots. One example of such linkis
the CPU-AGP (Accelerated Graphics Port) link, or the Link
A-B in Fig. 2, whose path loss has been measured using the
setup presented in Fig. 4, where there exists16.2 cm of T-
R separation and4.3 cm of vertical T-R misalignment. From
Fig. 4, it can be also observed that, at farther distances from the
CPU, there are other slots, i.e., PCI’s (Peripheral Component
Interconnects), where components can be inserted to form
other vertical planes for the chips to be located on. Therefore,
while maintaining the height difference of4.3 cm, the T-
R separation has been increased by moving theRx module
towards the PCI locations (i.e., increasingx in Fig. 4 in 2 cm
increment from16.2 cm to 26.2 cm).

Fig. 4. CPU-AGP Link (Link A-B) measurement setup with4.3 cm of T-R
height difference.

Please note that it is not realistic to assume that manufac-
turer will always be able to align antennas for motherboard
links. For example, when memory is a vertical card and
processor is a horizontal chip, an antenna would have to be
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mounted on a plastic slot in which memory is inserted in order
to be on the same height as the processor. However, in that
case, connection between the antenna and the memory card
would be difficult. Even if the antennas between processor
and memory are aligned, they would have to send signal
through plastic holder, which would significantly attenuate
the signal. While tilting the antenna may seem as a sim-
ple solution for the propagation problem experienced with
vertical misalignment betweenTx and Rx as in CPU-AGP
environment, implementation of such solution can be quite
challenging, especially when planar antennas are requiredto
facilitate integration with chips. Increasing the beamwidth of
the antenna can be another solution to overcome the vertical
offset betweenTx andRx, but the wider beamwidth would
also increase delay spread, which, in turn, reduces the channel
coherence bandwidth. Hence, having a study of how much
signal varies when antennas are misaligned in vertical plane
is important because it allows manufactures to estimate the
performance vs. layout tradeoffs.

C. RNLoS Link with DIMM as Reflecting Surface (Link C-D)

Due to densely populated environment on a motherboard,
chip-to-chip links rarely have clear LoS paths. The vertically
inserted components such as DIMM’s and graphic/sound cards
are major obstructions to chip-to-chip communications on
a motherboard. To study if these vertical components can
be used as reflectors that enable Directed Non-Line-of-Sight
links, we have measured Reflected Non-Line-of-Sight (RN-
LoS) paths between the chips C and D (see Fig. 2). It is
observed that the LoS is obstructed by the metallic CMOS
battery, which eliminates the possibility of clear LoS path.
Therefore, this channel would have to rely on reflection off
the DIMM surface. The reflective characteristics of these
surfaces are studied using the experimental setup presented
in Fig. 5, where the component (front) side of a DIMM is
used as a reflecting surface. It is important to note that the
measurement shown in Fig. 5 is not taken “on-board”, but
in an open setting, where the DIMM is the sole scatterer in
the channel. Because of the high density of components on
the computer motherboard, where the channel is affected by
the scattering from multiple objects of different dimensions
and material, it is necessary to factor out the effects of other
components by re-constructing the local propagation environ-
ment of the channel in an isolated environment, such that
complete individual assessment of each component’s effecton
propagation is possible. Please note that we have performed
extensive measurements with measurement system positioned
on actual motherboard with open and enclosed motherboard
(metal casing), but they are outside of the scope of this
paper. Furthermore, because the two sides of a DIMM (or
card) consist of different materials and have different surface
roughnesses, the front and back side are characterized as
separate reflecting surfaces. AnglesφT andφR marked on the
figure represent the incident and reflection angles, respectively,
and d is the distance between theTx/Rx modules and the
reflecting surface. The angleφR is varied from34◦ to 50◦

in 2◦ increments, while the angleφT is kept fixed at42◦ to

study range of angles at which specular reflection will exist.
Additionally, the anglesφT and φR have been varied from
20◦ to 80◦, while keepingd constant (d = 15.7 cm), to obtain
the magnitude of the reflection coefficient of each reflecting
surface with respect to the incident angle. The incident and
reflection angles,φT andφR, are set equal for the calculation
of reflection coefficient to ensure specular reflection.

Fig. 5. Measurement of a RLoS link using the component side ofa DIMM
as the reflecting surface.

D. OLoS Link through Parallel-Plate Structures (Link E-F)

Another important scenario for chip-to-chip communica-
tions is when the LoS link is perturbed by a parallel-plate
structures, such as Link E-F in Fig. 2. Here, we have inves-
tigated whether these walls can act as parallel-plate waveg-
uides or just introduce multipath propagation. The structural
resemblance can also be found with the vertically inserted
DIMM’s. On the motherboard, due to its compact, highly
dense configuration, it is difficult to differentiate the impact
that one component has on the wave propagation from that
of the other. For example, the effects of cylindrical capacitors
present between the two DIMM’s that would scatter or diffract
the waves need to be differentiated from the wave-guiding
effect of the DIMM’s. Therefore, as shown in Fig. 6, we have
isolated the local propagation environment of this particular
chip-to-chip scenario and re-construct it on the backside of
the motherboard. The figure also shows the corridor width,w,
which has been varied from1.7 cm to 5.2 cm to see how path
loss changes with increasing or decreasing width.

Fig. 6. OLoS link through parallel-plate structure (DIMM’s) on a mother-
board.
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(a)

(b)

Fig. 7. NLoS links with (a) a heatsink and (b) a rotating fan asan obstruction.

E. NLoS Links

On a computer motherboard, there are numerous compo-
nents other than DIMM’s and cards that can obstruct the
LoS path. While many of them directly block the signal,
some of them such as a heatsink and a rotating fan have
openings through which the signal may reach the receiver.
Hence, we perform measurements in these environments as
well, to estimate impact of the heatsink metal openings and
fins of the rotating fan on the received signal. Figures 7(a)
and 7(b) show the measurement setup for the heatsink and the
rotating fan used as an obstruction, respectively. In the setup
shown in Fig. 7(a), the heatsink with7.7 cm of length is placed
at the midpoint of four T-R separations,11.7 cm, 16.7 cm,
21.7 cm, and31.7 cm, which makes the distance fromTx to
one end of heatsink (and from the other end toRx) 2 cm,
4.5 cm, 7 cm, and 12 cm, respectively. Also, to investigate
how the path loss changes when wave passes through different
sections of the heatsink, theTx andRx modules have been
moved along the side of the heatsink, while their separation
is fixed at21.7 cm (i.e. x in Fig. 7(a) has been varied0 mm,
2 mm, 5 mm, 7 mm, and 10 mm). For the fan obstruction
shown in Fig 7(b), the T-R separation distance has been varied
from 10 cm to 30 cm in 10 cm increments.

IV. M EASUREMENTRESULTS AND ANALYSIS

A. Path Loss and Multipath Characterization

The measurement results for chip-to-chip links described in
Section III are presented and analyzed in this section. Here,
we refer to measured path loss,PL, as the transmit power,
Pt, multiplied by the transmit and receive antenna gains,Gt

andGr, respectively, and divided by the received power,Pr .

The measured path loss is compared with the theoretical
free-space path loss,̃PL, calculated as

P̃L =

(

4πd

λ

)2

, (1)

whered is the T-R separation distance, andλ is the wave-
length.

The mean of measured path loss,PL, is obtained by
averaging a swept continuous wave over time and frequency,
i.e.,

PL(d) =
1

MN

N
∑

i=1

M
∑

j=1

|H(fi, tj , d)|
2, (2)

where H(fi, tj , d) is the measured complex frequency re-
sponse data matrix,N is the number of observed frequencies,
M is the number of frequency-response snapshots over time,
andd is the T-R separation distance in meters. The mean path
loss at each distance can be modelled as [33]

PL(d) = 10γ log10

(

d

d0

)

+ PL(d0) +Xσ, (3)

wherePL(d) is the average path loss indB at distanced,
PL(d0) is the free-space path loss at the reference distance
d0, γ is the path loss exponent that characterizes how fast the
path loss increases with the increase of the separation between
Tx and Rx, and Xσ represents the large-scale variation in
path loss due to the T-R misalignment, which, for short-
range THz channels, has been shown to be modeled as a
zero-mean Gaussian distributed random variable (indB) with
standard deviationσ [34]. To estimate the path-loss model
parametersγ and σ(dB) in Eq. (3), we have performed the
least-squares linear regression fitting through the scatter of
measured mean path loss points in decibels such that the root-
mean square deviation of path loss points about the regression
line is minimized. The reference distance isd0 = 10 cm.

Multipath propagation is the propagation mechanism mani-
fested when the transmitted signal reaches the receive antenna
along two or more paths. Such waves typically arrive at the
receiver from many different directions and with different
delays, and combine vectorially at the receiver antenna. Such
time-invariant complex baseband equivalent channel impulse
response can be characterized as [33]

h(τ, d) =
L
∑

k=1

ak(d) exp(jθk(d))δ(τ − τk), (4)

where,L is the number of multipath components,ak repre-
sents the amplitude of thekth multipath component,θk is the
associated phase, andτk is the excess delay of thekth path
relative to the first arrival, andδ(·) denotes the Dirac delta
function.

An estimate of the channel impulse response is made
by taking the inverse discrete Fourier transform (IDFT) of
the measured frequency response. The normalized squared
magnitude of the channel impulse response is referred to
as the multipath intensity profile (MIP), which is used in
the calculation of root-mean-square (rms) delay spread,τrms,
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a measure of multipath spread within the channel. It is an
important parameter for characterizing time dispersion or
frequency selectivity, and is found by taking the square root
of the second central moment of MIP [33], i.e.,

τrms =

√

√

√

√

L
∑

k=1

(τk − τm)2|h(t, τk, d)|2, (5)

whereL is the number of multipath components,τk is the
excess delay of thekth path relative to the first arrival, and
τm is the mean excess delay (the first moment of the MIP)
defined as

τm =

L
∑

k=1

τk · |h(t, τk, d)|
2. (6)

B. Characterization of LoS Path Loss over a Large Ground
Plane

Fig. 8 compares the measured and theoretically calculated
(i.e., using Eq.(1)) path loss curves for the experimental setup
described in Section III-A, where T-R separation distance
is 23.5 cm. The oscillations observed in the measured path
loss are the result of strong reflections that arrive at the
receiver after reflecting off theTx hardware. These multipaths
that bounce between theTx and Rx modules due to the
narrow beamwidths of the antennas have also been observed
in [34] for LoS propagation environment. Furthermore, we
can observe that the measured path loss when both theTx

andRx areh = 2.1 cm above the ground plane follows the
Friis formula prediction well. This is not a surprising result
due to narrow beamwidths of the antennas and shows that
the ground reflected paths do not reach the receiver at these
antenna heights.

300 302 304 306 308 310 312 314

66

68

70

72

74

76
 h=0 cm

 h=0 cm solder pin

 h=0.8 cm

 h=2.1 cm

 Friis

P
at

h 
L

os
s 

[d
B

]

Frequency [GHz]

Fig. 8. Measured and theoretical path loss curves for LoS link over the
motherboard with T-R separation of23.5 cm and varyingTx/Rx heights
above the motherboard surface (in reference to measurementsetup of Fig. 3).

It is also observed that, when antennas are positioned on
the board surface (i.e.,h = 0 cm), the ground reflections
destructively interfere with the LoS path, resulting in about 3
dB higher path loss than what is predicted by the Friis formula.
On the other hand, when the antennas are8 mm above the

board (h = 0.8 cm), the reflected and LoS paths constructively
interfere, and the measured path loss actually becomes slightly
lower than the theoretical free-space curve. To summarize,the
oscillation in measured path losses is due to the interference
between the LoS andTx-hardeware-reflected paths that are in
differentdelay bins, while the amplitude shift in the path loss
arises from the constructive/destructive interference between
the LoS and ground-reflected paths that fall within thesame
delay bin (i.e., their path length difference is smaller than the
spatial resolution of the measurement system).

TABLE II
MEAN EXCESS DELAYS, RMS DELAY SPREADS, AND COHERENCE

BANDWIDTHS FOR LOS LINK OVER THE MOTHERBOARD WITH DIFFERENT

Tx/Rx HEIGHTS.

m

[ps]
rms

[ps]

Bc

[GHz]

h=0 cm 7.35 118 1.35

h=0 cm solder pin 0.38 6.32 25.2

h=0.8 cm 10.3 137 1.16

h=2.1 cm 13.9 161 0.99

Another interesting observation from Fig. 8 is that for the
same height of0 cm, path loss is reduced by 3 dB when
the antennas are placed over a section of the board that has
higher solder pin density (refer to ”h = 0 cm solder pin” in
Fig. 8). This is because the amplitude and phase of the ground
reflected signal are changed due to the higher reflectivity and
surface roughness of the solder-pin-populated surface. Table II
presents the measured RMS delay spread, mean excess delay,
and the coherence bandwidth (Bc = 1/(2 ∗ π ∗ τrms)) for
this measurement setup. It is observed that the coherence
bandwidth decreases with the increasing height, and is sig-
nificantly widened for the solder-pin scenario. This dramatic
increase in the coherence bandwidth for the case of ground
reflection off solder-pin-populated surface is backed by the
power delay profiles for this measurement setup (see Fig. 9).
In the figure, the reflection fromTx antenna back panel located
at the excess delay of approximately2 ns is clearly visible for
eachTx/Rx height. A closer look at the profiles also reveals
that the amplitude of the reflection is significantly reducedfor
the solder-pin scenario (marked with solid squares in Fig. 9)
since the reflection is scattered, and therefore, weakened,by
the obstructing pins. Also, multiple weaker reflections canbe
observed in this case. Consequently, the RMS delay spread is
dramatically reduced, which in turn resulted in much wider
coherence bandwidth for this particular scenario.

These results indicate that the effect of ground reflections
varies with theTx/Rx height: few millimeters of variation in
Tx/Rx height off the board result in the increase or decrease
in path loss by as much as3 dB, depending on the nature of
interference (i.e. destructive or constructive) between the LoS
path and the ground-reflected path.

C. Characterization of CPU-AGP Link (Link A-B)

Link A-B, shown in Fig. 2, describes a typical link between
the processor and the graphics card, where theTx and Rx
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Fig. 9. Normalized power delay profile for LoS link over the motherboard
with differentTx/Rx heights above the motherboard surface (in reference to
measurement setup of Fig. 3).

antennas are not on the same height. Fig. 10 shows the
measured path losses for the setup presented in Fig. 4 as
well as the corresponding theoretical values obtained from
Eq.(1). We can observe that the path loss is higher for shorter
distances, which may seem counter-intuitive. However, con-
sidering the geometrical structure, this is very possible.Note
that the antennas have high directivity and narrow beamwidth
and that height difference of4.3 cm creates very obstructed
LoS propagation for short distances. On the other hand, as
the distance increases, theTx/Rx antennas start falling within
each others’ beamwidths, and more of the LoS power as well
as the ground-reflected power is detected toward the receiver,
which results in less path loss. However, note that even at
maximum distance of26.2 cm (i.e., size of the motherboard),
the height difference of4.3 cm still introduces loss of about
15 dB with significant fluctuation in path loss. This result
indicates that the A-B link is probably not a reliable channel,
which raises the following question: how much of a height
difference betweenTx andRx antennas can be tolerated?
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Fig. 10. Measured and calculated path loss curves for CPU-AGP link (Link
A-B) and CPU-PCI links with T-R height difference of4.3 cm (in reference
to measurement setup of Fig. 4).

Fig. 11 shows measured path loss curves for different
heights of theRx antenna when theTx antenna is fixed at

the height2.1 cm from the board (hTx
= 2.1 cm). The

plot shows that for the height difference less than1.3 cm,
the measured path loss matches the theoretical values, while
for greater height differences, measurements start to deviate
from the Friis formula with greater fluctuation in path loss.
From these results, we can conclude that the LoS chip-to-
chip wireless channel on the horizontal plane (on motherboard
surface) with minorTx/Rx height difference is feasible, while
the link between two chips, whose height difference is in the
order of few centimeters, such as Link A-B, will suffer from
significant loss.
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Fig. 11. Measured and calculated path loss curves for A-B link with varying
Rx antenna height whenTx antenna is fixed tohTx

= 2.1 cm (in reference
to measurement setup of Fig. 4).

Fig. 12 shows the scatter plot of the measured mean path
loss for several distances as well as the regression fit through
the measurements for a LoS link over the motherboard with
4.3 cm of height difference betweenTx and Rx. From the
regression fit, the path loss exponent is found to beγ =
−4.6302; the path loss at the reference distance of10 cm
was PL0 = 102.384 dB; and the standard deviation was
σ = 0.4179 dB. Note that the negative path loss exponent
found from Fig. 12 is the result of narrow-beam antennas as
well as the presence of large ground plane.

It should be noted that, for motherboard channels with
vertical T-R misalignment, there exists trade-off betweenthe
path loss and the delay spread. When the antennas have wider
beamwidth, more of the transmitted power will reach the
vertically offset receiver, but more multipaths will also be
created due to reflections from other motherboard components
as well as the motherboard surface, increasing the RMS
delay spread, and therefore, reducing the channel coherence
bandwidth. To verify this, CST simulation has been performed,
where twoTx/Rx horn antenna pairs with HPBW’s of10◦

and 26◦, each separated by16.2 cm with vertical offset of
4.3 cm as in CPU-AGP environment, are compared in terms
of their S21 and RMS delay sread. The result has shown that
an increase of16◦ in HPBW results in20 dB increase in
the received power and71.8 % reduction (from606 MHz to
171 MHz) in coherence bandwidth. Therefore, selection of an
appropriate antenna beamwidth that delivers enough power to
all receiver locations, while minimizing delay spread, is critical
for wireless channels on a computer motherboard.
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Fig. 12. Measured mean path losses and regression fit for A-B link with
4.3 cm of height difference betweenTx andRx antennas (d0 = 10 cm) (in
reference to measurement setup of Fig. 4).

Fig. 13 presents the power delay profiles for several T-
R separations when the difference between theTx and Rx

antenna heights is4.3 cm. We observe that the reflections
from the Tx arrive at the receiver with larger excess delay
(i.e., τ = 1.8 ns, 2.1 ns, and 2.4 ns) as the separation
distance increases (i.e.,d = 18.2 cm, 22.2 cm, and26.2 cm,
respectively) due to the longer path lengths that the reflected
rays have to travel.
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Fig. 13. Normalized power delay profile for A-B link with height difference
of 4.3 cm betweenTx andRx for different T-R separations (in reference to
measurement setup of Fig. 4).

D. Characterization of RNLoS link with DIMM as Reflecting
Surface (Link C-D)

In this section, we study if some of the components on
the motherboard can be used as reflectors, i.e., we have an-
alyzed Reflected Non-Line-of-Sight (RNLoS) paths using the
measeurement setup presented in Fig. 5, which is exemplified
by the link between the chips C and D in Fig. 2.

Figure 14 shows the measured path loss plots with a DIMM
as the reflecting surface, while the receiver angleφR is varied
between34◦ and50◦ in 2◦ increments, while the transmitter
angleφT is kept fixed at42◦. For both the front and back side
of the DIMM, shown in Fig. 14(a) and 14(b), respectively, the

measured path loss is the lowest forφR = 42◦, which means
that maximum power transfer is occurring under the condition,
φT = φR, for both sides of the reflective surface. The differ-
ence between them, however, is that, for the backside, the path
loss increases linearly with the deviation from the specular
reflection angle,42◦, while this is not necessarily the case for
the front side of DIMM. For example, the second highest path
losses are forφR = 40◦ and44◦, then, the third highest path
losses belong toφR = 38◦ and46◦, etc. For deviation greater
than 6◦, the path loss approaches noise level. On the other
hand, for the front side of DIMM, the second highest path
loss is forφR = 38◦, rather than40◦ or 44◦. Furthermore,
it is observed that for receiver angles other thanφR = 42◦

and 38◦, the path loss curves are hard to distinguish. These
results are closely related to the material inhomogeneity and
surface irregularity of the DIMM’s front side. The fact thatits
surface consists of more than one material of varying reflection
coefficient and that it has high surface roughness creates
diffuse reflections of random amplitudes, phases, delays, and
propagation directions. Therefore, their vectorial sum ata
specific point in space is also random.

Figures 15(a) and 15(b) present the PDP’s for the front and
the back sides of a DIMM, respectively. From the PDPs, it
can be observed that a single cluster of later-arriving paths is
detected for the front side of DIMM (labeled1 in Fig. 15(a)),
while two such clusters are observed for the back side of
the DIMM (labeled1 and 2 in Fig. 15(b)). This is due to
the different surface roughness and the reflectivity of the two
sides. For the flat, highly reflective back side (Fig. 15(b)),
there are three reflections: the first path atτ = 0 is the one
that starts atTx, reflects off DIMM surface and arrives at
the Rx (since there is no line-of-sight path); the reflection
observed in Cluster1 is the path that travels fromTx, reflects
off DIMM surface, bounces off the back panel ofRx antenna,
travels to DIMM once again, and back toRx;the reflection
observed in Cluster2 is the path that travels fromTx, reflects
off DIMM surface andRx back panel, travels back toTx

through reflection off DIMM, bounces offTx back panel and
DIMM surface, and finally reaches theRx. For the front side
of DIMM (Fig. 15(a)), Cluster2 is absent in the PDP since
the surface is rougher and less reflectrive than the back side,
so that it cannot produce strong enough reflection that travels
back toTx. Note that the trajectories of all of these multipaths
have been identified by computing the distance travelled with
the excess delay of each path (d = c × τ ). In Fig. 15(b),
intuitively speaking, Cluster2 should be weaker than Cluster
1 since it travels the longer distance. However, the Angle-of-
Arrival (AoA) also impacts the power of the received signal.
Especially, for such a narrow beam, the simulated radiation
pattern of the horn reveals that the AoA of only8◦ off the
direction of maximum gain can lead to9 dB weaker detected
signal. Therefore, even though Cluster 1 should have higher
power than Cluster 2 (by3.8 dB to be exact), the deviation
of AoA from maximum of the mainlobe can result in5 dB
weaker power of Cluster 1 compared to Cluster 2.

The mean excess delays, RMS delay spreads, and the
coherence bandwidths of this RNLoS channel with the three
reflecting surfaces presented in Table III provide numerical
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Fig. 14. Measured and theoretically calculated path loss curves for RNLoS
links with different receiver angles when the transmitter angle is fixed to
φT = 42◦ and DIMM is used as the reflecting surface (in reference to Link
C-D and measurement setup of Fig. 5): (a) front side of DIMM ; (b) back
side of DIMM.

verification of the qualitative analysis made from Fig. 15. It
can be observed in Table III that the maximum coherence
bandwidth is found for the DIMM back side for the angle
of specular reflection,φT = φR = 42◦, and as the receiver
angle gets farther away from it, the coherence bandwidth
decreases rapidly. Nevertheless, we can see that the coherence
bandwidth stays in theGHz range up to38◦ and 44◦. For
DIMM front side, the largest coherence bandwidth is also
found atφR = 42◦, but it is three times narrower than the
coherence bandwidth of the back side. Additionally, other than
φR = 38◦ and 42◦, the coherence bandwidths significantly
drop toMHz range. It is also observed that the front side of a
graphic card exhibits the lowest coherence bandwidth among
the three surfaces due to its highest surface irregularity,while
its maximum coherence bandwidth occurs atφR = 44◦, which
is 2◦ off from the angle of specular reflection. Please note that
the delay spreads presented in Table III are the values obtained
in ”open” or ”isolated” channel environment, and therefore,
they cannot be directly related to more realistic motherboard
environment. However, the purpose of this particular measure-
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Fig. 15. Normalized power delay profiles for RNLoS links withdifferent
receiver angles when the transmitter angle is fixed toφT = 42◦ and DIMM
is used as the reflecting surface (in reference to Link C-D andmeasurement
setup of Fig. 5): (a) front side of DIMM; (b) back side of DIMM.

ment campaign is to identify300GHz wave’s interaction with
the common materials found on the motherboard in terms of
their penetration/reflection characteristics. In other words, the
coherence bandwidths provided in Table III can be considered
as the maximum possible values when no other components on
the motherboard are obstructing the RNLoS path between two
chips. Furthermore, in Table III, we have shown how delay
spread varies as the angular orientation of receiver deviates
from that of the transmitter, which captures more practical
aspects of RNLoS channel on motherboard since it is not
realistic to expect specular reflection for all antenna positions
on a computer motherboard. Such information will be useful
for layout designers and manufacturers.

Finally, Fig. 16 shows the magnitude of the reflection
coefficients of the three surfaces (DIMM front side, DIMM
back side, and graphic card front side) as a function of incident
angle. The reflection coefficient is found from the reflection
loss of each surface, i.e.

RL = −20log10|Γ|, (7)

whereΓ is the reflection coefficient, andRL, reflection loss
in dB, is calculated from the link budget equation:
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TABLE III
MEAN EXCESS DELAY, RMS DELAY SPREAD, AND COHERENCE

BANDWIDTH FOR THE RNLOS SCENARIO WITH DIFFERENT REFLECTING

SURFACES.

R

DIMM cmp side DIMM back side Card cmp side

m

[ps]
rms

[ps]

Bc

[GHz]
m

[ps]
rms

[ps]

Bc

[GHz]
m

[ps]
rms

[ps]

Bc

[GHz]

34 827.9 3245 0.049 761.2 2987 0.053 - - -

36 523.7 2583 0.062 408.1 2256 0.070 - - -

38 0.411 7.57 21.02 1.238 41.64 3.821 630.5 2813 0.056

40 51.62 750.7 0.21 0.087 2.414 65.91 560.8 2672 0.059

42 0.311 6.015 26.46 0.066 2.108 75.47 5.219 83.24 1.911

44 28.06 463.9 0.34 1.163 39.17 4.062 1.257 31.47 5.057

46 188.7 1546 0.103 17.81 250.1 0.636 1.541 36.01 4.419

48 397.1 2164 0.074 713.1 2915 0.054 441.3 2382 0.066

50 719.2 2899 0.055 929.5 3405 0.046 835.9 3284 0.048

RL = Pt − Pr +Gt +Gr − P̃L [dB], (8)

The incident angle is measured from the surface normal,
i.e., it is the angleφT (= φR) in Fig. 5. From Fig. 16, it is
observed that the reflection coefficient of DIMM back side
stays near 1 for all incident angles. This indicates that the
back side of the DIMM serves as a good reflecting surface for
all incident angles for a RNLoS link with minimal power loss.
On the other hand, the component side of the DIMM, whose
surface is rougher compared to the back side and consists
of different materials (e.g. Silicon, FR4, metal), each having
different reflection losses, shows much more incident-angle-
dependent reflection coefficient that fluctuates between0.2
and1. The same sensitivity to incident angle is observed for
the front side of the graphic card as well, where, in general,
the reflection coefficients are lower than those of the DIMM
front side due to higher surface irregularity; even for a small
incident angle of20◦, the reflection coefficient for graphic card
component side is less than0.3. We can conclude that the back
side of a DIMM is an excellent reflector for a reliable RNLoS
link, whereas it would be much more difficult to predict the
path loss of the RNLoS channel with the component sides as
the reflecting surface.

E. Characterization of OLoS Link through Parallel-Plate
Structures (Link E-F)

Another important scenario for chip-to-chip communica-
tions is when the LoS link is perturbed by a parallel-plate
structures, such as Link E-F in Fig. 2. This channel has been
replicated in an open measurement setup shown in Fig. 6, and
the path losses measured are compared with the theoretically
obtained path loss curves in Fig. 17 for different distances
between the two DIMM’s,w, when the T-R separation is
23.5 cm.

It is observed that the path loss increases considerably above
the theoretical level forw = 2.3 cm, while for w = 3.3 cm,
the measured path loss is less than what is predicted by Friis
equation. Finally, forw = 5.2 cm, the measured path loss
returns to the theoretical level. These results indicate that
there exist multipaths inside the corridor created by the two
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Fig. 16. Magnitude of the reflection coefficients for three reflecting surfaces
as a function of the incident angle (in reference to Link C-D and measurement
setup of Fig. 5).
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Fig. 17. Measured and theoretically calculated path loss curves for OLoS link
through parallel-plate structure with T-R separation of23.5 cm and different
spacing between the two DIMM’s (in reference to Link E-F and measurement
setup of Fig. 6).

DIMM’s: LoS and paths bouncing between the two DIMM’s.
The amplitude, phase, and delay of the bounced paths are
determined by the width of the corridor,w. The results show
that the interference among the multipaths is destructive when
w = 2.3 cm, while they are superimposed in a constructive
manner forw = 3.3 cm to yield much lower path loss.
When w = 5.2 cm, the corridor width is now much wider
than the antenna beamwidth, and the channel has only the
LoS path, yielding measured path loss that follows the Friis
formula. These results indicate that this channel can be used
for chip-to-chip communications with careful selection of
spacing between memory plates. Here, we also note that the
oscillations in the measured path loss curves are still visible
since the reflections between theTx and Rx antenna back
panels exist in the LoS channel. These strong reflections are
clearly visible from the power delay profiles presented in
Fig. 18. Note that theTx/Rx antenna heights are set to2.1 cm
from the motherboard to ensure that the measured path loss is
not affected by the ground reflection.
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Fig. 18. Normalized power delay profile for OLoS link throughparallel-plate
structure with different spacing between the two DIMM’s (inreference to
Link E-F and measurement setup of Fig. 6).

F. Characterization of NLoS Links

On a computer motherboard, there are numerous compo-
nents other than DIMM’s and cards that can obstruct the
LoS path. In this section, the impacts of a heatsink and a
rotating fan have been studied with the measurement setup
shown in Fig. 7. Figure 19 presents the measured path losses
along with the corresponding theoretical curves for different
T-R separation distances for heatsink-obstructed NLoS link.
While some of the power is scattered or reflected by the
metallic heatsink, most of the power still travels through the
vertical gaps between the walls of the structure. Therefore, it
is observed that the measured path losses are not significantly
higher than the theoretical values. In fact, a heasink is another
type of metal parallel-plate structure that raises the possibility
of constructive/destructive interference between the LoSpath
and the path bouncing between the plates.
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Fig. 19. Measured and theoretically calculated path loss curves for heatsink-
obstructed NLoS link with different T-R separation distances (in reference to
measurement setup of Fig. 7(a)).

To confirm this, Fig. 20 shows the path loss curves for a
fixed T-R separation of21.7 cm when theTx/Rx antennas
have been moved along the side of the heatsink (i.e.x is
varied between0 mm and 10 mm in Fig. 7(a)). Here, we
observe a similar phenomenon as in Fig. 8 and 17, where

the constructive interference between the LoS and bounced
paths results in lower path loss than what is theoretically
calculated (seex = 2 mm and x = 10 mm in Fig. 20).
Further, it is also similarly observed that, at theTx/Rx offset
of 5 mm (x = 5 mm), path loss increases above theoretical
line due to the destructive interference. These results reveal
that a heatsink-obstructed NLoS channel can actually be used
for chip-to-chip link with careful positioning of the antennas
with respect to the geometry of the heatsink.
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Fig. 20. Measured and theoretically calculated path loss curves for heatsink-
obstructed NLoS link with different orthogonalTx/Rx offsets (in reference
to measurement setup of Fig. 7(a)).

Fig. 21 shows the regression fit through the mean path losses
measured at different T-R separations with the heatsink as
obstruction. Path loss exponent of approximatelyγ = 1.77 is
found, while path loss at the reference distance ofd0 = 10 cm
and the standard deviation are found to bePL0 = 64.519 dB
andσ = 0.9584 dB, respectively.
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Fig. 21. Measured mean path losses and the regression fit for NLoS link with
a heatsink as obstruction (d0 = 10 cm) (in reference to measurement setup
of Fig. 7(a)).

The PDP for the heatsink-obstructed NLoS scenario is
shown in Figs. 22, where it is observed that there exist second-
and third-arriving multipath for each separation (i.e., located at
τ = 0.4 ns and0.9 ns for d = 11.7 cm; τ = 0.6 ns and1.2 ns
for d = 21.7 cm; andτ = 0.9 ns and1.9 ns for d = 31.7 cm).
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This result indicates that there are multiple reflections between
theRx antenna back panel and the surface of the heatsink.
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Fig. 22. Normalized power delay profile for heatsink-obstructed NLoS link
with different T-R separation distances (in reference to measurement setup of
Fig. 7(a)).

Finally, for fan-obstructed NLoS link, frequency-sweeping
is not an appropriate measurement technique since the channel
can no longer be considered quasi-static within the sweep
time due to the rotating fan that constantly changes the
macroscopic geometry of the channel. Therefore, for this
scenario, continuous wave time-domain measurement at single
frequency has been obtained. Similar time-domain analysisof
DTV signal through wind turbines has been reported in [35].
The measured received power is presented in Fig. 23, where
periodic fading is observed every3.2 ms due to the blockage
of the signal by the blades rotating at a constant speed. The
result indciates that, for chip-to-chip wireless links through
a rotating fan, a synchronization technique is needed, such
that signal bit sequences are delayed during the times of deep
fades.
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Fig. 23. Time domain measurement of received power for NLoS link
obstructed by a rotating fan (f = 310 GHz) (in reference to measurement
setup of Fig. 7(b)).

V. CONCLUSIONS

This paper presented characterization of 300 GHz wire-
less channel in computer motherboard environment. Results

indicate that the presence of the ground plane or parallel-
plate structures in the channel introduces multipaths thatif
constructively superimposed may create path loss lower than
the free-space propagation path loss. Additionally, our results
show that the LoS channel over the motherboard with a
few centimeters of height difference between theTx andRx

antennas suffers from significant path loss, and has a negative
path loss exponent. Furthermore, we have tested possibility of
using some of the vertical components as reflectors to alleviate
problem of no LoS communication paths. Our results show
that the back side of a DIMM has an excellent reflecting
surface with the widest coherence bandwidth and highest
reflection coefficient which can enable RNLoS links on a
computer motherboard. Finally, we have investigated impact of
large objects that prevent LoS propagation on a motherboard.
For the heatsink-obstructed NLoS link, it is found that the path
loss exponent is 1.77, while the rotating fan causes periodic
fading in the received power. For chip-to-chip wireless links
through a rotating fan, therefore, a synchronization technique
is necessary, such that signal bit sequences are delayed during
the times of deep fades.All these results indicate that optimal
communications can be achieved by carefully positioning the
antennas with respect to the motherboard layout.
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