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(57) Abstract: A metal chassis for a mobile device that is configured to transmit a signal of a wavelength. A first side of the chassis
faces the inside of the mobile device and includes a first aperture that has a dimension that comprises a first subwavelength width of
a slot in the chassis. A second side of the chassis faces free space and includes a second aperture that has a dimension that comprises
a second subwavelength width of the slot in the chassis. A channel connects the first aperture and the second aperture. The slot has a
length dimension and the channel may be centered along the length dimension. The channel is configured to support a transverse
electromagnetic mode for propagation of the signal from the first aperture through the channel to the second aperture. As a part of a
mobile device the chassis acts as a secondary radiator for the mobile device.
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WEGIG SIGNAL RADEATION VIA GROUND PLANE
SUBWAVELENGTH SEAT

RELATED APPLICATIONS
18001] This application claims the benefit of priority of U.S. Application
Serial No. 15/386,753, filed December 21, 2016, which claims the benefit of
priority to U.S. Provisional Application Serial No. 62/300,746, filed on February

26, 2016, each of which are incorporated herein by reference in their entirety.

TECHNICAL FIELD
16002} Some aspects of the present disclosure relate to millimeter-wave
communication. Some devices relate to wireless devices. Some aspects of the
present disclosure relate to the lustitute of Electrical and Electronics Engineers
(IEEE) 802.11 standard. Some aspects of the present disclosure relate to 5G.
Some aspects of the present disclosure relate to a slit-in-chassis for a radio, the
slit operating as a transmission line for millimeter wave signals, and the chassis
operating as a secondary radiator when irradiated by a primary radiator, wherein

the chassis is an integral part of the radio design.

BACKGROUND
{6003} Client PCs such as notebooks, 2-in-1, phablets, phones, and the
like, are predominantly designed with metal chassis due to increased structural
demands from thin chassis and improved aesthetics of all metal designs. This
presents a significant challenge to antenna placement as radiators are enclosed in
a Faraday Cage. One solution has been the use of slots to serve as antennas. A
prime consideration here is to minirnize the external profile presented by the slot.
There 1s a need to integrate high frequency Antennas, such as (60 GHz) WiGiG

Antenuas, in such platforms through the use of slots.



WO 2017/146916 PCT/US2017/017397

BRIEF DESCRIPTION OF THE DRAWINGS
[0004] FIG. 1 illustrates various network elements of an exemplary
wireless network in accordance with some aspects of the present disclosure;

{6003} FIG. 2 illustrates an exemplary mobile station (MS) device in

W

accordance with some aspects of the present disclosure;
{3006] FIG. 3A illustrates exemplary three-dimensional view of a
subwavelength slit in a client device chassis to enable 60 GHz signal transmission
through the chassis, in accordance with some aspects of the present disclosure;
{6007} FIG. 3B illustrates exemplary two-dimensional view of the
10 subwavelength slit of FIG. 3A looking from inside the client device toward the
chassis, in accordance with some aspects of the present disclosure,
{6008] FIG. 3C illustrates exemplary two-dimensional antenna array in
accordance with some aspects of the present disclosure;
18009] FIG. 4A illustrates an exemplary cross section of the
1S subwavelength siit of FIGS. 3A and 3B showing two apertures on different
surfaces of the chassis, operating as an enclosed transmission line section, in
accordance with some aspects of the present disclosure;
{0016} FIG. 4B illustrates ancther exemplary cross section of the
subwavelength slit of FIGS. 3A and 3B, in accordance with some aspects of the
20 present disclosure;
{6011} FIG. 4C illustrates vet another exemplary cross section of the
subwavelength siit of FIGS. 3A and 3B, in accordance with some aspects of the
present disclosure;
{06012} FIG. 4D 15 an exemplary representation of the equivalent circuit
25  of the structure illustrated in FIGS. 4A, 4B, and 4C, in accordance with some
aspects of the present disclosure.
18013] FiG. 5A illustrates an exemplary three dimensional view of the
subwavelength slit of FIG. 3A in a chassis that comprises a cover of a client
device, tn accordance with some aspects of the present disclosure;
30 [6014] FIG. 5B illustrates exemplary field distribution within the
subwavelength slit of, and across, the chassis of, the cover of FIG SA, in

accordance with some aspects of the present disclosure;
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18015] FiG. 6 illustrates an alternate exemplary structure that may be
used in place of the structures of FIGS. 34, 3B and 3C, according to some aspects
of the present disclosure;

{6016} FIG. 7 1s a plot of exemplary transmission measuring the ratio of

W

energy transfer from one side of assumed infintte 2D array of unit cell structures

for one thickness of the chassis, according to some aspects of the present

disclosure;
{6017} FIG. 8 1s a plot of exemplary transmission measuring the ratio of

energy transfer from one side of assumed infintte 2D array of unit cell structures

10 for another thickness of the chassis, according to some aspects of the present
disclosure;

{6018] FIG. 9is a plot of exemplary Active Return Loss for the structures
of FIGS. 4A, 4B, and 4C, free space and air, in accordance with some aspects of
the present disclosure;

15 (06019 FIG. 10 is a plot of exemplary broadside realized gain, Vpol
showing admittance versus frequency for the structures of FIGS. 4A, 4B, and 4C,
free space and air, in accordance with some aspects of the present disclosure;
{0028} FI1G. 11 19 a plot of exemplary radiation patiern for the structures
of FIGS. 4A, 4B, and 4C, free space and air, in accordance with some aspects of

20 the present disclosure;

{6021} FIG. 12 is a plot of exemplary radiation pattern and broad side
gain for the structure FIGS, 4B and 4C, in accordance with some aspects of the
present disclosure; and

{06022} FIG. 13 ilustrates a block diagram of an example machine, in

25  accordance with some aspects of the present disclosure.

DETAILED DESCRIPTION
{0023] The following description and the drawings sufficiently illustrate
specific aspects of the present disclosure to enable those skilled in the ast to
30 practice them. Other aspects of the present disclosure may incorporate structural,
logical, electrical, process, and other changes. Portions and features of some

aspects of the present disclosure may be included in, or substituted for, those of

w2
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other aspects of the present disclosure. Aspects of the present disclosure set forth
in the claims encompass all available equivalents of those claims.
16024] FIG. 1 illustrates various network elements of a wireless network

in accordance with some aspects of the present disclosure. Wireless network 100

W

includes a plurality of communication stations {(STAs) and one or more access
points {APs) which may communicate in accordance with IEEE 80211
communication techniques. One or more communication station 104, illustrated
as STA-B or User Equipment (UE) may be a mobile station (MS) device that is
non-stationary and does not have fixed locations. One or more access point (AP)
10 102 may be stationary and have fixed locations. The AP 102 may be a
communication station such as a base station (BS) that communicates with UE
STA-B 104 using Full-Duplex Microchip Media Access Controller (FD-
MiMAC) protocol. The Access Point Station A (AP STA-A) may announce its
available remaining antenna capability as well as the channel information of a
1S winning client 10 a contention for a transmission opportunity (TXOP). Both AP
102 and UE 104 may be contfigured for operation in millimeter-wave (mmWave)
communication, particularly in mobile communication standards, such as 5G.
{0625] In some 5G aspects, a UE may communicate data {(e.g., using a
Physical Downlink Shared Channel (PDSCH) and/or a Physical Uplink Shared
20 Channel (PUSCH) with a small cell or secondary cell while configured by a larger
serving cell or primary cell and receiving control signals from the primary cell
(with a Physical Downlink Control Channel (PDCCH}). In these aspects,
commumnications with the smaller cell may take place using mmWave frequencies
while coromunications with the larger cell may take place using microwave
25  frequencies. In practice there may be several base stations (BS) and several UEs
to allow for tracking and for such processes as hand-oftf, as needed.
18026] FIG. 2 ilastrates a Mobile Station (MS) device 200 in some
aspects of the present disclosure. MS device 200 is a more detailed description
of STA-B 104 of FI(G. 1. MS device 200 may be a millimeter-wave (mmWave)
30 compliant MS device that may be arranged to communicate with one or more
other MS devices or one or more Base Station (BS). MS device 200 may be
suitable for operating as User Equipment {UE). In some aspects of the present

disclosure, MS device 200 may include, among other things, a transmit/receive

4
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element 201 {for example an antenna), a transceiver 203, physical (PHY ) circuitry
205, and media access control (MAC) circuitry 207. PHY circuttry 205 and MAC
circuitry 207 may be mmWave compliant layers and may also be compliant with

one or more other IEEE 802 11ax or IEEE 802,13 standards. MAC circuitry 207

W

may be arranged to configure packets such as a Physical Layer Convergence
Procedure (PLCP) Protocol Data Unit (PPDU) and arranged to transmit and
recetve PPDUs, among other things. MS device 200 may also include circuitry
209 configured to perform the various operations described herein. The circuitry
209 may be coupled to the transceiver 203, which may be coupled to the
10 transmit/receive element 201 While FIG. 2 depicts the circuitry 209 and the
transceiver 203 as separate components, the circuitry 209 and the transceiver 203
may be integrated together in an electronic package or chip.
{6027} In some aspects of the present disclosure, the MAC circuitry 207
may be arranged to contend for a wireless medium during a contention period to
1S receive control of the medium for an appropriate control period and configure a
High Efficiency Wireless Local Area Network WILAN Physical Layer
Convergence Protocol (PLCP) Protocol Data Unit (HEW PPDU).  In some
aspects of the present disclosure the PHY circuitry 205 may be arranged to
transmit SG mmWave packets. In some aspects of the present disclosure, the
20 MAC circuitry 207 may be arranged to contend for the wireless medium based
on channel contention settings, a transmitting power level, and a Clear Channel
Assessment ({CCA) level.
10028} In some aspects of the present disclosure the PHY circuitry 205
may be arranged to transmit the HEW PPDU. The PHY circuitry 205 may
25  include circuitry for modulation/demodulation, upconversion/downconversion,
filtering, amplification, and the like. In some aspects of the present disclosure,
the circuitry 209 may include one or more processors which may be configured
for parallel processing. The circuitry 209 may be configured to perform functions
based on instructions being stored in a RAM or ROM, or based on special purpose
30 circuitry. The circuitry 209 may include processing circuitry and/or transceiver
circuitry in some aspects of the present disclosure. The circuitry 209 may include
a processor such as a general purpose processor or special purpose processor. The

circuitry 209 may implement one or more functions associated with
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transmit/receive elements 201, the transceiver 203, the PHY circuitry 205, the
MAC circuitry 207, and/or the memory 211
{6029] In some aspects of the present disclosure, the circuitry 209 may be

configured to perform one or more of the functions and/or methods described

W

herein and/or in conjunction with FIGS. 3-10.
{08030] In some aspects of the present disclosure, the transnut/receive
elements 201 may be two or more antennas that may be coupled to the PHY
circuitry 204 and arranged for sending and receiving signals including
transmission of the High Efficiency Wireless Local Area Network WLAN
10 (HEW) packets. The transceiver 202 may transnut and receive data such as HEW
PPDU and packets that include an indication that the MS device 200 should adapt
the channel contention settings according to settings included in the packet. The
memory 211 may store information for configuring the other circuitry to perform
operations for configuring and transmitting HEW packets and performing the
1S wvarious operations to perform one or more of the functions and/or methods
described herein and/or in conjunction with FIGS. 3 -13
{6031} In some aspects of the present disclosure, the MS device 200 may
be configured to communicate using Orthogonal Frequency Division
Multiplexing (OFDM) communication signals  over a  nuwlticarrier
20 communication channel. In some aspects of the present disclosure, MS device
200 may be configured to communicate in some one or more specific
communication standards, such as the Institute of Electrical and Electronics
Engineers (IEEE) standards including IEEE 802.11-2012, 802.11n-2009,
802.11ac-2013, 802 11ax, DensiFi, standards and/or proposed specifications for
25  WLANS, or other standards as described in conjunction with FIG. 2, although the
scope of the aspects of the present disclosure is not limited in this respect as they
may also be suitable to transmit and/or receive communications in some other
techniques and standards. In some aspects, the MS device 200 may use 4x symbol
duration of 802.110 or 802.11ac.
30 (6632} In some aspects of the present disclosure, an MS device 200 may
be part of a portable wireless communication device, such as a personal digital
assistant (PDA), a laptop or portable computer with wireless communication

capability, a web tablet, a wireless telephone, a smartphone, a wireless headset, a
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pager, an instant messaging device, a digital camera, an access point, a television,
a medical device (e.g., a heart rate monitor, a blood pressure monitor, and the
like ), an access point, a base station, a transmit/receive device for a wireless

standard such as 802.11 or 802.16, or other device that may receive and/or

W

transmit information wirelessly. In some aspects of the present disclosure, the

MS device may include one or more of a keyboard, a display, a nov-volatile

memory port, multiple antennas, a graphics processor, an application processor,

speakers, and other mobile device elements. The display may be an LCD screen
including a touch screen.

10 {0033} The transmit/receive element 201 may comprise one or more
directional or omnidirectional antennas, including, for example, dipole antennas,
monopole antennas, patch antennas, loop antennas, microstrip antennas or other
types of antennas suitable for transmission of radio frequency (RF) signals. In
some Multiple In Multiple Cut (MIMO) aspects, the antennas may be effectively

1S separated to take advantage of spatial diversity and the different channel
characteristics that may result.

{6034} Although the MS device 200 is illustrated as having several
separate functional elements, one or more of the functional elements may be
combined and may be implemented by combinations of software-configured

20 elements, such as processing elements including digital signal processors (ID8Ps),
and/or other hardware elements. For example, some elements may comprise one
or more microprocessors, DSPs, field-programmable gate arrays (FPGAs),
application specific integrated circuits (ASICs), radio-frequency integrated
circuits (RFICs) and combinations of various hardware and logic circuitry for

25 performing at least the functions described herein. In some aspects of the present
disclosure, the functional elements may refer to one or more processes operating
on one or more processing elements.

{0035} Some aspects of the present disclosure may be implemented fully
or partially in software and/or firmware. This software and/or firmware may take

30 the form of instructions contained in or on a non-transitory computer-readable

storage medium, or a machine-readable hardware storage device. Those

mstructions may then be read and executed by one or more processors to enable

performance of the operations described herein. Those instructions may then be
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read and executed by one or more processors to cause the MS device 200 to

perform the methods and/or operations described herein. The nstructions may

be in any suitable form, such as but not limited to source code, compiled code,

mterpreted code, executable code, static code, dynamic code, and the like. Such

a computer-readable medium may include any tangible non-transitory medium

for storing information in a form readable by one or more coraputers, such as but

not limited to read only memeory (ROM); random access memory {RAM};

magnetic disk storage media; optical storage media; a flash memory, and the like.

{0036} In millimeter wave (mmWave} wireless communications, highly

directional transmissions are essential for wireless communication. This is to

compensate for high isotropic path loss. This requirement of directional

beamforming complicates initial cell search, and beam selection. Here “beam

selection” refers to a process in which the user equipment (UE) switches to a

beam that is received with higher signal strength than the currently received

beam, while remaining connected to a cell with, in some aspects of the present

disclosure, multiple mmWave beams.

{6037] In this description, the words shit and slot may be used
interchangeably to mean the same thing. Slots in metal chassis and large cutouts
have traditionally been used to integrate low frequency antennas into a metal
chassis. The present disclosure however, concerns itself with the use of slots {or
“slits”} for 60 GHz antennas. At these frequencies, a small 1.5m slot (1/3 of a
wavelength at 60 GHz) functions not just as an aperture for the 60GHz radiation
to make it out of the chassis, but also serves as a secondary radiator. Because of
the ability of the chassis to act as a secondary radiator, by suitable optimization of
the cross section and dimensions of the slot, the chassis can me made an integral
part of the radio design. This eases imtegration of Wireless Gigabit Wi Radio
Front End Modules (RFEM) into client device designs, leading to a no-wires
experience (and hence PC refresh) for a broader array of designs.

{¢0338] In addition, the cross section of the slot is optimized with a taper
s0 that it presents a minimal 1. 5mm profile on the outer surtace of the chassis, but
a more substantial 3. 7mm profile on the inner surface of the chassis, according to

some aspects of the present disclosure.
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18039] An important principle is the use of an optimized slit cross section,
slit width and chassis thickness to setup a resonant transmission line mode in the
slit. Such a transmission line mode allows for most of the radiation impinging on
the side of the chassis to be transmitted to the outer edge, despite the dimensions
being subwavelength.

{00490] Traditional slot antennas have apertures that are on the order of a
wavelength in size (which would translate to ~ Smm at 60 GHz). Such a wide slot
is visually conspicuous and also might compromise the structural integrity of the
chassis, especially since is located close {a few mum) 1o the edge of the chassis.
10041} An important innovation of the present chassis is the use of a
subwavelength slit dimension (~ 30% of a wavelength at 60 GHz) to achieve
comparable signal transmission to that afforded by the full size slit.

{0042} FIG. 3A idlustrates a  three-dimensional view 300 of a
subwavelength slit 310 in a client device chassis 320 to enable 60 GHz signal
transmission through the chassis, 1n accordance with some aspects of the present
disclosure. The chassis may be aluminum that may be 1 mm thick. The slit may
be tilled with air as a dielectric. The REFM 330 and the slit 310 are centered in
the X direction of the chassis where the coordinate system is tllustrated in FIG.
3A. There may be a 0.3 millimeter gap between the patches {discussed in FIG.
3C) and the aluminum chassis. The slit length may be 40 mm with a width of 2.5
mm, all of the foregoing according to some aspects of the present disclosure.
While 60GHz has been used in this embodiment there is no theoretical limit to the
frequency, low or high, in this innovation. However, in communication most
often used frequencies are 10 GHz and above. The arrangement is illustrated as a
rectangular slit in a chassis A and B covers.  In other words, the slit is configured
to support TEM modes. Consequently, there is a need for either a very wide
parallel slit or two metal bodies, one inner conducting body and an outer
conducting periphery. The coax is an example of the latter. An inner body is a
cylinder and an cuter body is a hollow cylinder. There is a source of waves such
as RFEM 330 and a termination. This 1s discussed in additional detail below.
Further, the thickness of the slit may be an odd multiple of the wavelengths to
provide phase addition. The thickness should be such that there is phase addition

between the induced fields on the first shit and the second slit.
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18043] The WiGi(G RFEM 330 is placed against the slit 310, according to
some aspects of the present disclosure. The slit is narrow enocugh that one would
expect very limited transmission through the slit. However, by a judicicus choice
of chassis metal thickness, slit width and slit profile, as discussed above for some
aspects of the present disclosure, transmission can be enhanced significantly. The
RFEM 330 may be used to step up from intermediate frequencies (IF) to mm wave
frequencies. Cables may still be used to keep baseband processing close to the
central processing unit (CPU) of'the client device, and to transmit baseband to the
IF of the RFEM.

10044} FIG. 3B illustrates a two-dimensional view 301 of the
subwavelength slit 310 of FIG. 3A looking from tnside the client device toward
the chassis 320. Antenna array 350 is seen facing the cover from inside the client
device. Ascan be seen, in one aspect of the present disclosure the spacing between
the antenna array and the chassis is .3 mm. A 4 x 2 antenna element array may be
used with the two rows of 4 elements being staggered in some aspects of the
present disclosure.

{0045] FIG. 3C illustrates a two-dimensional antenna array 350 of patch
antenna elements 360 in accordance with some aspects of the present disclosure.
The area of placement of array 350 1s in area 370 on the side of the RFEM facing
the chassis.  Also illustrated is the area of placement 304 for the processing flip
chips on the side of the RFEM facing the client device.

{0046} FIG. 4A illustrates a cross section 400 of the subwavelength slit of
FIGS. 3A and 3B in top view showing two apertures on different surfaces of the
chassis, operating as an enclosed transmission line section. The physical chanunel
{encircled), between sides of the chassis shows chamfering, with angles (which
are typical on each side of the chassis) as shown. FIGS. 4B and 4C illustrate
different chamfering patterns, with angles {(again typical as drawn) shown 1n FIG.
4B. In addition, while linear chamfering is illustrated, the physical channel could
also be curvilinear. FIG. 4D ts a representation of the equivalent circuit of the
structure illustrated in FIGS. 4A, 4B, and 4C. The area between the two
apertures (slot 1 and slot 2) in the figures functions as a transmission line. By
designing the profile so that the transmission line section is at resonance

around 60 GHz in one aspect of the present disclosure, signals that impinge slot

10
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I (or the aperture of slit 1) can be transmitted with high efficiency to the
aperture of shit 2. However, the transmission is also a function of chassis
thickness. In some cases part of the chassis will have to be milled out to
provide proper thickness. In others, material may have to be added.  In this
fashion, the chassis becomes an integral part of the radiating mechanism for
the mrmoWave radio. The alignment of the radio module with respect to the slit
is also material. In the current aspect of a single slit, it is desirable that the
slit be much wider that the radio front end module, and that the radio module
be place in the central region of the slit.

10047} FIG. 5SA illustrates a three dimensional view 500 of the
subwavelength shit of FIG. 3A in a chassis 510 that comprises a cover of a client
device, in accordance with some aspects of the present disclosure. The A Cover
facing free space and the B Cover facing the inside of the client device 1s seen.
FiG. 5B illustrates AT 501 one example of field distribution within the
subwavelength shit of, and across, the chassis of, the cover 510 of FIG. SA, in
accordance with some aspects of the present disclosure. An important principle
is the use of an optimized slit cross section, slit width and chassis thickness to
setup a resonant transmission line mode in the slit. As illustrated by the fields in
the slit within chassis 510. Such a transmission line mode allows for most of the
radiation impinging on side of the chassis to be transmitted to the outer edge facing
free space, despite the dimensions being subwavelength, as indicated by the field
approaching the out edge of the chasses (not shown but coextensive with line 510}
The Transverse Electromagnetic Mode (TEM mode) is shown to be propagating
through the chassis apertures in FIG. 5B. Such a mode, also called a transmission
line mode, is distinguished by the absence of a “cut oft” frequency, where the cut
off frequency for a mode in a waveguide is defined as the lowest frequency that
can propagate through the waveguide.

0048} FIG. 6 illustrates at 600 an alternate structure that may be used in
place of the structures of FIGS. 3A, 3B and 3C, according to some aspects of the
present disclosure. The elements of antanna array 601 may be arranged as if they
were a plurality of coaxial cables. In other words each element may comprise a
round cylinder 604 with a cylindrical stub 602 inside. While this is illustrated as

a round cylinder and a circular stub, this may be any shape including, without

11
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limitation, rectilinear, triangular, and the like, so long as there is an inner
conductor and an outer conductor configured so as to support TEM waves. The
alternate structure of FIG. 6 is a unit cell of an array with dimensions of the

cylinder radius being 0.5 millimeter, the hole radius being 1.25 millimeters, and

W

the thickness of the metal 606 being 0.9 millimeter, accoprding to one aspect of

the present disclosure. An array of these arranged next to each other would be

equivalent to a parallel plate. ABS may be used as an example of a filler bertween
the cylinder.  Generally, alternate structures that can support Trasverse

Electrmagnetic Modes (TEM)} use two conductors of any profile, an inner

10 conductor and an outer conductor. A very wide slit {parallel plate waveguide} like
the single slit that also supports TEM waves. As discussed briefly above, these
medes do not have a cut off frequency (or in practice have very low cutoff
frequencies). Below this cut off frequency, a wave cannot travel through a
waveguide.

15 j06049] FIG. 7 15 a plot of the transmission coethicient measuring the ratio
of energy transfer from one side of an assumed infinite 2D array of unit cell
structures, one example being the one seen in FIG. 6, for one thickness of the
chassis, according to some aspects of the present disclosure. The transmission
coefficient depends on chassis thickness. For the plot in the illustration, the

20 chassis thickness of the chassis is equal to 0.8 mm. The figure illustrates a scan
from 45GHz to 70GHz. In that range there was one peak and one null, which can
be clearly seen in the figure. For the case illustrated, lamda/5 5=0.8 mm is the
peak.

[6050] FI1G. 815 a plot of'the transmission coetlicient measuring the ratio

25  of epergy transfer from one side of assumed infinite 2D array of unit cell
structures for another thickness of the chassis, according to some aspects of the
present disclosure. The scan range is the same as for FIG. 7. The thickness of
the chassis 13 0.928 mm. The transmission coefficient versus frequency curve 18
different from that of FIG. 7 due to the difference in chassis thickness, clearly

30 illustrating the dependence of frequency of transmission on chassis thickness.

For the llustrated plot, the formula for the null, in this case is lamda/5 877=0.928

mm. It is clear that the frequency of transmission is dependent on chassis

thickness when subwavelength features (for example, 2. Smm diameter) are used
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at approximately 50 to 70 GHz. In addition, the thickness of the chassis may
vary, for some aspects of the present disclosure, from lambda/10 to lambda/3,
well below half a wavelength.

{6051} Simulation studies have been conducted on the transmission  (as
measured by Antenna Array Gain and impact on return loss) for various slit
profiles and widths. A representative simulation setup and simulated return loss,
and array again are included In FIGS. 9 through 12. Fig 9. Shows the impact on
return loss of integrating a RFEM module close to a shit in a chassis, for various
shit cross sections. The data for each curve, 1, 2, 3, 4, and 5 are seen in the table in
the drawing. It is noted that return loss is least for a RFEM module in free space
and progressively deteriorates for larger tapers. It is also noted that a taper-less
shit of 2.5mm cross section shows the least detereoration in return loss compared
to the free space case, and that a 1 5mum taperiess slit causes the most degradation.
The tapering is thus able to restore some of the losses resulting from a the use of
a very narrow slit.  Figure 4B has a higher taper 3.75mm to 1.5mm. Figure 4C
has less taper 3.75mm to 2 mm. Consequenetly a single plot compares the “worst
case, ie., 3.75mm to 1 S5mm taper” performance with that of Free Space
{(baseline). Hence only those traces are included. All others are bounded by these
tWO CUurves.

{6052] FIG. 10 is a plot of broadside realized gain, Vpol showing
admittance versus frequency for the structures of FIGS. 4A, 4B, and 4C, free space
and air, in accordance with some aspects of the present disclosure. The data for
each curve, 1, 2, 3, 4, and S are seen in the table in the drawing.

{0053] FIG. 11 15 a plot of radiation pattern for the structures of FIGS. 4A,
48, and 4C, free space and air, in accordance with some aspects of the present
disclosure. Data for the patterns 1, 2, 3, 4, and S are seen in the table associated
with FIG. 11

[0054] FIG. 12 13 a plot of radiation pattern and broad side gain for the
structure FIGS. 4B and 4C, in accordance with some aspects of the present
disclosure. Data for the radiation patterns 1, and 2 are seen in the table associated
with the radiation pattern. Data for broadside gain for curves 1, and 2 are seen in

the table associated with the Broadside Realized Gain Vpol drawing.
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{0055] FIG. 13 illustrates a block diagram of an example machine 1300
in accordance with some aspects of the present disclosure upon which any one or
more of the techniques {(e.g., methodologies) discussed herein may perform. In

alternative aspects of the present disclosure, the machine 1300 may operate as a

W

standalone device or may be connected (e.g., networked) to other machines. Ina
networked deployruent, the machine 1300 may operate in the capacity of a server
machine, a client machine, or both in server-client network environments. In an
example, the machine 1300 may act as a peer machine in peer-to-peer (P2P) {or
other distributed} network environment. The machine 1300 may be a UE,
10 eNodeB, AP, STA, personal computer (PC), a tablet PC, a set-top box (§8TB), a
personal digital assistant (PBA}, a mobile telephone, a smart phone, a web
appliance, a network router, switch or bridge, or any machine capable of
executing instructions (sequential or otherwise) that specify actions to be taken
by that machine. Further, while only a single machine is illustrated, the term
1S "machine” shall also be taken to include any collection of machines that
individually or jointly execute a set {or multiple sets} of instructions to perform
any one or more of the methodologies discussed herein, such as cloud computing,
software as a service {(SaaS), other computer cluster configurations.
10056] Examples, as described herein, may include, or may operate on,
20 logic or a number of components, modules, or mechanisms. Modules are tangible
entities {e.g., hardware) capable of performing specified operations and may be
configured or arranged in a certain manuner. In an example, circuits may be
arranged (e.g., internally or with respect to external entities such as other circuits})
in a specified manner as a module. In an example, the whole or part of one or
25 more computer systems {e.g., a standalone, client or server computer system} or
one or more hardware processors may be configured by firroware or software
(e.g., instructions, an application portion, or an application} as a module that
operates to perform specified operations. In an example, the sofiware may reside
on a machine readable medium. In an example, the software, when executed by
30 the underlying hardware of the module, causes the hardware to perform the
specified operations.
18057} Accordingly, the termy "module” is understood to encompass a

tangible entity, be that an entity that is physically constructed, specifically

14
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configured {(e.g., hardwired}, or temporarily (e.g., transitorily) configured {e.g.,
programmed} to operate 1o a specified manner or to perforra part or all of any
operation described herein. Considering examples in which modules are

temporarily configured, each of the modules need not be instantiated at any one

W

moment in time. For example, where the modules comprise a general-purpose
hardware processor configured using software, the general-purpose hardware
processor may be configured as respective ditferent modules at different times.
Software may accordingly configure a hardware processor, for example, to
constitute a particular module at one instance of time and to counstitute a different
10 module at a different instance of time.
{6058] Machine (e.g., computer system) wmay include a hardware
processor 1302 (e.g., a central processing unit (CPU), a graphics processing unit
{(GPU), a hardware processor core, or any combination thereof), a main memory
1304 and a static memory 1300, some or all of which may communicate with
1S each other via an interlink {(e.g., bus) 1308 The machine 1300 may further
include a display unit 1310, an alphanumeric tnput device 1312 {(e.g., a keyboard),
and a user interface (UI) navigation device 1314 (e.g., a mouse). In an example,
the display unit 1310, input device 1312 and Ul navigation device 1314 may be
a touch screen display. The machine 1300 may additionally include a storage
20 device {e.g., drive unit) 1316, a signal generation device 1318 {(e.g., a speaker), a
network interface device 1320, and one or more sensors, such as a global
positioning system (GPS) sensor, compass, accelerometer, or other sensor. The
machine 1300 may include an output controlier 1328, such as a serial {e.g.,
universal serial bus (USB), paraliel, or other wired or wireless {(e.g., infrared (IR),
25 near field communication (NFC), and the like. ) connection to communicate or
control one or more peripheral devices (e.g., a printer, card reader, and the like).
18059} The storage device 1316 may include a machine readable medium
1322 on which 1s stored one or more sets of data structures or mstructions 1324
{e.g., software) embodying or utilized by any one or more of the technigues or
30 functions described herein. The instructions 1324 may also reside, completely or
at Jeast partially, within the main memory 1304, within static memory 1306, or
within the hardware processor 1302 during execution thereot by the machine. In

an example, one or any combination of the hardware processor 1302, the main

-
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memory 1304, the static memory 1306, or the storage device 1316 may constitute
machine readable media.
{6060] While the machine readable medium 1322 is illustrated as a single

medium, the term "machine readable medium” may include a single medium or

W

multiple media (e.g., a centralized or distributed database, and/or associated
caches and servers) configured to store the one or more instructions 1324,
{0061] The term "machine readable medium" may include any medium
that is capable of storing, encoding, or carrying instructions for execution by the
machine and that cause the machine to perform any one or more of the techniques
10 of'the present disclosure, or that is capable of storing, encoding or carrying data
structures used by or associated with such instructions. Non-limiting machine
readable medium examples may include solid-state memories, and optical and
maguoetic media.  Specific examples of machine readable media may include:
non-volatite memory, such as semiconductor memory devices (e.g., Electrically
1S Prograramable Read-Only  Memory (EPROM), Electrically Frasable
Programmable Read-Ounly Memory (EEPROM)) and flash memory devices;
magnetic disks, such as internal hard disks and removable disks; magneto-optical
disks; Random Access Memory (RAM); and CI-ROM and DBVIEB-ROM disks.
In some examples, machine readable media may include non-transitory machine
20 readable media. In some examples, machine readable media may include
machine readable media that is not a transitory propagating signal.
10062] The instructions 1324 may further be transmitted or received over
a communications network 1326 using a transmission medium via the network
interface device 1320 utilizing any one of a number of transfer protocols {e.g.,
25  frame relay, internet protocol (IP), transmission control protocel (TCP), user
datagram protocol (UDP), hypertext transter protocol (HTTP), and the like).
Example communication networks may include a local area network (LAN), a
wide area network (WAN), a packet data network (e.g., the Internet), mobile
telephone networks (e.g., cellular networks), Plain Old Telephone (POTS)
30  networks, and wireless data networks (e.g., Institute of Electrical and Electronics
Engineers (JEEE) 802,11 family of standards known as Wi-Fi®, IEEE 802.16
family of standards known as WiMax®j, IEEE 802.15 4 family of standards, a

Long Termn Evolution (LTE) family of standards, a Universal Mobile
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Telecomnwnications System (UMTS) family of standards, peer-to-peer (PZP)
networks, among others. In an example, the network interface device 1320 may
include one or more physical jacks {e.g., Ethernet, coaxial, or phone jacks) or one
or more antennas to connect to the communications network 1326, In an
example, the network interface device 1320 may include a plurality of antennas
to wirelessly cormmunicate using at least one of single-input multiple-output
{SIMO)}, multiple-input multiple-output (MIMO), or nuultiple-input single-output
(MISO) techniques. In some examples, the network interface device 1320 may
wirelessly communicate using Multiple User MIMO techuniques. The term
"transmission medium" shall be taken to include any intangible medium that is
capable of storing, encoding or carrying instructions for execution by the
machine, and includes digital or analog communications signals or other

intangible medium to facilitate communication of such software.

EXAMPLES

{¢063] Example 1 is a mobile device configured to transmit a signal at a
transmit frequency, the mobile device comprising: a chassis having a slit along
one dimension of the chassis, wherein a first aperture of the slit faces a first
direction internal to the mobile device, the first aperture having a dimension that
comprises a first subwavelength of the transmit frequency; and a second aperture
of the slit that faces a direction opposite to the first direction, the second aperture
having a dimension that comprises a second subwavelength of the transmit
frequency, wherein the slit comprises a channel that connects the first aperture and
the second aperture, to support a transverse electromagnetic mode for propagation
of the signal from the first aperture through the channel to the second aperture,
wherein an antenna array within the chassis comprises a privoary radiator within
the mobile device to irradiate the first aperture, and wherein the chassis is
configured as a secondary radiator.

{0064] in Example 2, the subject matter of Example 1 optionally includes
wherein the first subwavelength of the transmit frequency is substantially equal to
the second subwavelength of the transmit frequency.

18065] In Example 3, the subject matter of any one or more of Examples

1-2 optionally include wherein the thickness of the shit comprises an odd multiple
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of the wavelength of the transmit frequency to provide phase addition when the
primary radiator uradiates the first aperture.

{0066] In Example 4, the subject matter of any one or more of Examples
1-3 optionally include wherein a dirmension of the first aperture is different from

a dimension of the second aperture, and the channel comprises linearly chamfered

surfaces.
{6067} In Example 5, the subject matter of any one or more of Examples

1—4 optionally include wherein a dirmension of the first aperture 1s different from
a dimension of the second aperture, and the channel comprises curvilinear
surfaces.

{¢068] in Example 6, the subject matter of any one or more of Examples
1-5 optionally include wherein the first aperture, the second aperture, a cross
section of the chanuvel, and channel thickness comprise a transmission line that
supports the transverse electromagnetic mode.

{08069] In Example 7, the subject matter of any one or more of Examples
1-6 optionally include wherein the slit comprises a length dimension, and the
antenna array 1s centered along the length dimension of the slit.

{6070} In Example 8, the subject matter of any one or more of Examples
1-7 optionally include wherein the transmit frequency is in a millimeter wave
band in a 5G wireless communication network.

{6071} Example @ 18 a chassis for a mobile device comprising: a cover
having a slit along one dimension of the cover wherein the cover is configured to
receive a transceiver coupled to an antenna array that is configured to transmut a
signal at a transmit frequency; a first aperture of the slit configured to face a first
direction internal to the mobile device, the first aperture having a dimension that
comprises a first subwavelength of the transmit frequency; and a second aperture
of the slit configured to face a direction opposite to the first direction, the second
aperture having a dimension that comprises a second subwavelength of the
transmit frequency, wherein the shit comprises a channel that connects the first
aperture and the second aperture, and wherein the channel 1s configured to support
a transverse electromagnetic mode for propagation of the signal from the first
aperture through the channel to the second aperture when the first aperture is

irradiated by the antenna array.
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18072} In Example 10, the subject matter of Example 9 optionally includes
wherein the cover is configured to function as a radiator.

{6073] In Example 11, the subject matter of any one or more of Examples
9-10 optionally include wherein the first aperture dimension and the second
aperture dimension are each configured to be about a quarter wavelength of the
frequency.

{6074] In Example 12, the subject matter of any one or more of Examples
9-11 optionally include wherein the thickness of the cover is an odd multiple of a
wavelength of the tranamit frequency, to provide phase addition when the first
aperture 1s irradiated by the antenna array.

1607 5] In Example 13, the subject matter of any one or more of Examples
9-12 optionally include wherein the first aperture dimension is a different
subwavelength of the transmit frequency than the second aperture dimension, and
the channel comprises chamfered surfaces.

{0076] In Example 14, the subject matter of any one or more of Examples
9-13 optionally include wherein the first dimension is a different subwavelength
of the transmit frequency than the second dimension, and the channel comprises
curvilinear surfaces.

10077} In Example 15, the subject matter of any one or more of Examples
9-14 optionally include wherein the antenna array comprises a plurality of antenna
elements each comprising patches, or a plurality of antenna elements each
comprising an inner conductor and an outer conductor and having a dielectric
between the inner conductor and the outer conductor.

{6078] In Example 16, the subject matter of any one or more of Examples
9-15 optionally include wherein the first aperture, the second aperture, a cross
section of the channel, and channel thickness comprises a transmission line that
supports the transverse electromagnetic mode.

10079] In Example 17, the subject matter of any one or more of Examples
9-16 optionally include wherein the slit has a length dimension, and the antenna
array is centered along the length dimension of the slit at a distance from the

chassis of a subwavelength of the transmit frequency.
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{008¢] In Example 18, the subject matter of any one or more of Examples
9-17 optionally include wherein the transmit frequency 15 in a millimoeter wave
band in a 5G network.

{0081} Example 19 is a method of operating a mohile device comprising:
sending a signal to at least one Evolved Node B (eNB) from a transceiver via an
antenna array that is configured to transnut the signal at a transmit frequency,
wherein the transceiver is coupled to the antenna array within a chassis, wherein
the chassis has a slit along one dimension of the chassis, wherein a first aperture
of the slit 1s configured to face a first direction internal to the mobile device, the
first aperture having a dimension that comprises a first subwavelength of the
transmit frequency, wherein a second aperture of the slit is configured to face a
direction opposite to the first direction, the second aperture having a dimension
that comprises a second subwavelength of the transruit frequency, wherein the slit
comprises a channel that connects the first aperture and the second aperture,
wherein the chanuvel 15 configured to support a transverse electromagnetic mode
for propagation of the signal from the first aperture through the channel to the
second aperture, and wherein when the first aperture is irradiated by the antenna
array, the chassis functions as a secondary radiator; and receiving a return signal
from at least one eNB via the antenna array.

16082} In Example 20, the subject matter of Example 19 optionally
includes wherein the mobile device is configured to operate with a 3GPP LTE
cellular network.

{0083] In Example 21, the subject matter of any one or more of Examples
19-20 optionally include wherein the mobile device 1s a communication station
{STA) contfigured to operate in a Wi-Fi network.

{6084} In Example 22, the subject matter of any one or more of Examples
19-21 optionally include wherein the transmit frequency is in a millimeter wave
band, and the mobile device and the at least one eNB are in a 5G network.

{(085] Example 23 is a mobile device comprising: a transceiver coupled
to an antenna array that is configured to operate as a primary radiator and transmit
a signal at a first transmit frequency, the transceiver and antenna array sttuated
within a chassis that has a slit along one dimension; a first side of the chassis

configured to face a first direction internal to the mobile device and including a
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first dimension of the slit that comprises a first aperture, the first dimension being
a fhirst subwavelength of the transmit frequency; a second side of the chassis
configured to face free space and having a second dimension of the slit that
cormprises a second aperture, the second dimension being a second subwavelength
of the transmit frequency; and a channel in the chassis that connects the first
aperture and the second aperture, wherein the antenna array 1s configured to face
the first side of the chassis to transmit the signal to the first aperture, the channel
is configured to support a transverse electromagnetic mode for propagation of the
signal from the first aperture through the channel to the second aperture, and the
chassis, when irradiated by the primary radiator, functions as a secondary radiator.
{6086} In Example 24, the subject matter of Example 23 optionally
includes wherein the first aperture, the second aperture, a cross section of the
channel, and channel thickness comprises a transmission line that supports the
transverse electromagnetic mode.

{B087] In Example 25, the subject matter of any one or more of Examples
2324 optionally include wherein the slit has a length dimeunsion, and the antenna
array is centered along the length dimension of the slit at a distance of a
subwavelength of the transmit frequency from the chassis.

{0088} In Example 26, the subject matter of any one or more of Examples
23-25 optionally include wherein the antenna array comprises a plurality of
antenna elements each comprising patches, or a plurality of antenna elements each
comprising an inner conductor and an outer conductor and having a dieleciric
between the inner conductor and the outer conductor.

{6089] In Example 27, the subject matter can include, or can optionally be
combined with any portion or combination of, any portions of any one or more of
Examples 1 through 26 to include, subject matter that can include means for
performing any one or more of the functions of Examples 1 through 26, or a
machine-readable medium including instructions that, when performed by a
machine, cause the machine to perform any one or more of the functions of
Examples 1 through 26.

16096} The above detailed description includes references to the
accompanying drawings, which form a part of the detailed description. The

drawings show, by way of illustration, specitic aspects of the present disclosure
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in which the invention can be practiced. These aspects are also referred to herein
as "examples." All publications, patents, and patent documents referred to in this
document are incorporated by reference herein in their entirety, as though
individually incorporated by reference. In the event of inconsistent usages
between this document and those documents so tncorporated by reference, the
usage in the incorporated reference(s) should be considered supplementary to that
of this document; for irreconcilable inconsistencies, the usage in this document
controls.

{0091} In this document, the terms "a" or "an” are used, as is common in
patent documents, to include one or more than one, independent of any other
instances or usages of "at least one” or "one or more." In this document, the term
"or" is used to refer to a nonexclusive or, such that "A or B" includes "A but not
B," "B but not A" and "A and B," unless otherwise indicated. In the appended
claims, the terms "including” and "in which" are used as the plain-English
equivalents of the respective terms "comprising” and "wherein.”  Also, in the
following claims, the terms "including” and "comprising" are open-ended, that is,
a system, device, article, or process that includes elements in addition to those
listed after such a term in a claim are still deemed to fall within the scope of that
claim. Moreover, in the following claims, the terms "first," "second,” and "third,"
etc. are used merely as labels, and are not intended to impose numerical
requirements on their objects.

0092} The above description is intended to be illustrative, and not
restrictive.  For example, the above-described examples (or one or more aspects
thereof) may be used in combination with each other. Other aspects of the present
disclosure can be used, such as by one of ordinary skill in the art upon reviewing
the above description. Also, in the above Detailed Description, various features
may be grouped together to streamline the disclosure. This should not be
interpreted as intending that an unclaimed disclosed feature is essential to any
claim. Rather, tnventive subject matter may lie in less than all features of a
particular disclosed embodiment.  Thus, the following claims are hereby
incorporated into the Detatled Description, with each claim standing on its own as

a separate embodiment. The scope of the invention should be determined with
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reference to the appended claims, along with the full scope of equivalents to which

such claims are entitled.
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CLAIMS
I A mobile device configured to transmit a signal at a transmit frequency,
the mobile device comprising;
5 a chassis having a slit along one dimension of the chassis,

wherein a first aperture of the slit faces a first direction internal to
the mobile device, the first aperture having a dimension that comprises a
first subwavelength of the transmit frequency; and
a second aperture of the shit that faces a direction oppostte to the first
10 direction, the second aperture having a dimension that comprises a second
subwavelength of the transmit frequency,
wherein the slit comprises a channel that connects the first aperture
and the second aperture, to support a transverse electromagnetic mode for
propagation of the signal from the first aperture through the channel to the
15 second aperture,
wherein an antenna array within the chassis comprises a primary
radiator within the mobile device to irradiate the first aperture, and

wherein the chassis is configured as a secondary radiator .

20 2 The mobile device of claim 1 wherein the first subwavelength of the
transmit frequency is substantially equal to the second subwavelength of the
transmit frequency.

3. The mobile device of claim 1 wherein the thickness of the slit comprises

25 an odd multiple of the wavelength of the transmit frequency to provide phase

addition when the primary radiator irradiates the first aperture.
4, The mobile device of claim 1 wherein a dimension of the first aperture is

different from a dimension of the second aperture, and the channel comprises

30 linearly chamfered surfaces.
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5. The mobile device of claim 1 wherein a dimension of the first aperture is
different from a dimension of the second aperture, and the channel comprises

curvilinear surfaces.

6. The mobile device of claim 1 wherein the first aperture, the second
aperture, a cross section of the channel, and channel thickness comprise a

transmission line that supports the transverse electromagnetic mode.

7. The mobile device of claim 1| wherein the slit comprises a length
dimension, and the antenna array is centered along the length dimension of the

slhit.

3. The mobile device of claim 1 wherein the transout frequency s in a

millimeter wave band in a 5G wireless communication network.

9. A chassis for a mobile device comprising:

a cover having a slit along one dimension of the cover wherein the cover
is configured to receive a transceiver coupled to an antenna array that is contfigured
to transmit a signal at a transmit frequency,

a first aperture of the shit configured to face a first direction internal to the
mobile device, the first aperture having a dimension that comprises a first
subwavelength of the transmit frequency; and

a second aperture of the slit configured to face a direction opposite to the
first direction, the second aperture having a dirnension that comprises a second
subwavelength of the transmit frequency,

wherein the slit comprises a channe] that connects the first aperture
and the second aperture, and

wherein the channel is configured to support a transverse
electromagnetic mode for propagation of the signal from the first aperture
through the channel to the second aperture when the first aperture is

irradiated by the antenna array.
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10. The chassis of claim 9 wherein the cover is configured to function as a
radiator.
11, The chassis of claim 9 wherein the first aperture dimension and the second

aperture dimension are each configured to be about a quarter wavelength of the

frequency.

12. The chassis of claim 9 wherein the thickness of the cover is an odd multiple
of a wavelength of the transmit frequency, to provide phase addition when the first

aperture 1s irradiated by the antenna array.

13. The chassis of claim 9 wherein the first aperture dimension is a different
subwavelength of the transmit frequency than the second aperture dimension, and

the channel comprises chamfered surfaces.

14. The chassis of claim 9 wherein the first dimension is a different
subwavelength of the transmit frequency than the second dimension, and the

channel comprises curvilinear surfaces.

15. The chassis of claim 9 wherein the antenna array comprises a plurality of
antenna elements each comprising patches, or a plurality of antenna elements each
comprising an inner conductor and an outer conductor and having a dielectric

between the inner conductor and the outer conductor.

16. The chassis of claim 9 wherein the first aperture, the second aperture, a
cross section of the channel, and chaonel thickness comprises a transnussion line

that supports the transverse electromagnetic mode.
17. The chassis of claim 9 wherein the slit has a length dimension, and the

antenna array is centered along the length dimension of the slit at a distance trom

the chassis of a subwavelength of the transmit frequency.
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I8. The chassis of claim 9 wherein the transmit frequency is in a millimeter

wave band in a 3G network.

19. A method of operating a mobile device comprising:

W

sending a signal to at least one Evolved Node B (eNB) from a transceiver
via an antenna array that is configured to transmit the signal at a transroit
frequency,
wherein the transceiver and the antenna array are within a
chassts,
10 wherein the chassis has a slit along one dimension of the
chassis,
wherein a first aperture of the slit is configured to face a
first direction internal to the mobile device, the first aperture
having a dimension that comprises a first subwavelength of the
15 transmtt frequency,
wherein a second aperture of the slit is configured to face a
direction opposite to the first direction, the second aperture having
a dimension that comprises a second subwavelength of the transmit
frequency,
20 wherein the siit comprises a channel that connects the first
aperture and the second aperture,
wherein the channel is configured to support a transverse
electromagnetic mode for propagation of the signal from the first
aperture through the channel to the second aperture,
25 wherein the antenna array is configured to irradiate the first
aperture, and
wherein the chassis functions as a secondary radiator; and

recetving a return signal from at least one eNB via the antenna array.

30 20, The method of claim 19 wherein the mobile device is configured to operate

with a 3GPP LTE cellular network.
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21, The method of claim 19 wherein the mobile device is a communication

station (STA) configured to operate in a Wi-Fi network.

22. The method of claim 19 wherein the transmit frequency is in a millimeter

W

wave band, and the mobile device and the at least one eNB are in a 5G network.

23. A mobile device comprising:

a transceiver coupled to an antenna array that is configured to operate as a

primary radiator and transmit a signal at a first transmit frequency, the transceiver
10 and antenna array situated within a chassis that has a slit along one dimension;

a first side of the chassis configured to face a first direction internal to the
mobile device and including a first dimension of the slit that comprises a first
aperture, the first dimension being a first subwavelength of the transmit frequency;

a second side of the chassis configured to face free space and having a

15 second dimension of the slit that comprises a second aperture, the second
dimension being a second subwavelength of the transmit frequency; and

a channel in the chassis that connects the first aperture and the second
aperture, wherein

the antenna array is configured to face the first side of the chassis
20 to transmit the signal to the first aperture,
the channel is configured to support a transverse electromagnetic
mode for propagation of the signal from the first aperture through the
channel to the second aperture, and
the chassis, when wradiated by the primary radiator, functions as a

25 secondary radiator.

24, The mobile device of claim 23 wherein the first aperture, the second
aperture, a cross section of the channel, and channel thickness comprises a
transmission line that supports the transverse electromagnetic mode.

30
25, The mobile device of claim 23 wherein the slit has a length dimeunsion,
and the antenna array is centered along the length dimension of the slit at a

distance of a subwavelength of the transmit frequency from the chassis,
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26. The mobile device of claim 23 wherein the antenna array comprises a
plurality of antenna elements each comprising patches, or a plurality of antenna
elements each comprising an inner conductor and an outer conductor and having

a dielectric between the inner conductor and the outer conductor.

29
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