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Abstract

Adaptive Spatial Multiplexing for Millimeter-Wave
Communication Links

Colin Sheldon

Spatial multiplexing for wireless communication systems is typically used at
low GHz carrier frequencies in non Line-of-Sight environments. This disserta-
tion considers adaptive spatial multiplexing for Line-of-Sight wireless links at
millimeter-wave carrier frequencies. This architecture provides increased data
capacity without increasing the channel bandwidth. The aggregate system data
rate scales linearly with the number of transmitter and receiver antenna pairs.

System theory and link sensitivity to non ideal installations, multipath sig-
nal propagation, and atmospheric refraction are considered. Channel separation
hardware implementation considerations are analyzed.

Initial work with a two-element prototype using IF channel separation is pre-
sented. This prototype achieved 1.2 Gb/s operation over a 6 m indoor link and
similar performance for an outdoor link with a 41 m link range.

A scalable baseband system architecture is proposed and demonstrated for an
indoor link operating over a 5 m link range. The spatially multiplexed channels

were separated at the receiver using broadband adaptive analog /@) vector signal

Vil



processing. A control loop continuously tuned the channel separation electronics
to correct for changes with time in either the propagation environment or the
system components. The four-channel 60 GHz hardware prototype achieved an

aggregate system data rate of 2.4 Gb/s.
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Chapter 1

Introduction

Radio links employing spatial multiplexing provide increased communication
link data capacity without increased channel bandwidth. Research in this area
has focused primarily on non line-of-sight links operating at low GHz carrier fre-
quencies (e.g., IEEE 802.11n wireless local area networks in the WiFi bands) [2-4]
and aggregate data rates below 1 Gb/s. In contrast, the millimeter (mm) wave
MIMO system presented in this dissertation can support spatial multiplexing in
Line-of-Sight (LOS) environments with moderate antenna separation, while tak-
ing advantage of the wide swathes of unlicensed and semi-unlicensed bandwidth
available at 60 GHz and 71-95 GHz (E-band).

Spatial multiplexing requires that the receive array responses to each transmit

antenna are strongly distinct. The receiver can then apply spatial processing
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to separate out the data channels sent by each transmit element. For spatially
multiplexed links using linear arrays of a fixed total length, the maximum number
of spatially multiplexed channels varies as the inverse of carrier wavelength \;
for rectangular arrays the maximum number of channels varies as 1/A?. If the
dimensions of the transmitter and receiver are fixed, then a significant advantage
in spatial multiplexing gain is obtained by operating at higher carrier frequencies.

The mm-wave MIMO technique described in this dissertation can significantly
enhance the already high data rates demonstrated over these bands. Data rates
exceeding 10 Gb/s have been demonstrated over a link range on the order of 1
km at a carrier frequency beyond 100 GHz [5,6]. A 6 Gb/s link operating in the
81-86 GHz band has been reported [7].

Commercially available E-band links currently support data rates up to 1.5
Gb/s [8,9]. Commercial interest in multi-gigabit mm-wave links has been spurred
by recent advances in mm-wave Si IC design. Both 60 GHz and E-band ICs [10-16]
have been demonstrated in Si IC technologies. Integrated mm-wave phased-array
ICs have been demonstrated in both CMOS and SiGe technologies [17-22]. NEC
has recently demonstrated transmitter and receiver ICs capable of operating at
2.6 Gb/s using a 60 GHz carrier [23,24]. A 6 Gb/s direct conversion transceiver

has been recently demonstrated at the University of Toronto [25]. Recent Si
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IC [26-28] and wireless system [5,6] results demonstrate the potential for wireless
links operating beyond 100 GHz.

As an example of a potential application of mm-wave MIMO, consider an
outdoor LOS link using 5 GHz of E-band spectrum (e.g., 81-86 GHz). QPSK
transmission with 25% excess bandwidth yields a data rate of 8 Gb/s. Four-fold
spatial multiplexing over a range of 1 km yields a rate of 32 Gb/s, and can be
obtained using a 2 x 2 rectangular array of antennas with inter-element spacing
of approximately one meter. Using dual polarization for an additional two-fold
multiplexing yields a data rate of 64 Gb/s. E-band last mile links can become
true alternatives to optical fiber links, even using small robust constellations such
as QPSK.

Another potential application uses LOS spatial multiplexing for an indoor 60
GHz link for streaming uncompressed HDTV between a cable set-top box and a
television. Using QPSK with 25% excess bandwidth over 3 GHz of unlicensed
spectrum, a system can attain a data rate of 4.8 Gb/s. Two-fold spatial multi-
plexing yields a data rate of 9.6 Gb/s, which is enough to support uncompressed
HDTYV even as screen sizes scale up. Over a 10 m range, this requires an inter-
antenna spacing on the order of 10 cm, which is feasible given the size of television
displays and cable T.V. converters. Further multiplexing gains could be obtained

by using dual polarization [29].
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SiBeam has recently introduced chipsets capable of sending 4 Gb/s over 10
m using a 60 GHz carrier [30]. The system employs beamsteering to exploit non
line-of-sight communication in the presence of objects between the transmitter and
receiver. Transmitter and receiver modules are entering the market with a cost of
approximately $800 per pair [31]. The capacity of this link could be increased by
employing spatial multiplexing.

Spatial multiplexing over LOS wireless links has been the subject of several
theoretical studies. Analysis has shown that LOS links are robust to small errors
in antenna positioning and alignment [32-37]. However, the series of mm-wave
MIMO prototypes built at UCSB [38-40] provide the first demonstrations of this
concept at mm-wave carrier frequencies. It is only at mm-wave frequencies that
large LOS spatial multiplexing gains can be obtained with reasonable array di-
mensions.

A key innovation of the wireless system architecture presented in this disserta-
tion is the decoupling of the spatial processing for channel separation from other
receiver tasks, such as synchronization and demodulation. This allows the sys-
tem to adapt the spatial processing slowly (to respond to slow channel variations)
even as the data channels are scaled up to multi-gigabit speeds. Once channel
separation is achieved, each data channel is processed separately for demodula-

tion. In particular, the systems presented in this dissertation implement spatial
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channel separation using analog circuits, thus avoiding the high-rate sampling and
quantization required for digital signal processing of the high-bandwidth mm-wave
signals.

This dissertation presents experimental results from a mm-wave MIMO sys-
tem using a 2-element linear array at each end with a manually tuned channel
separation network placed at the receiver IF frequency [38,39]. This prototype
was tested in both indoor and outdoor environments with link ranges of 6 m and
41 m, respectively. The system had an aggregate data rate of 1.2 Gb/s.

Results from a second prototype using a channel separation network operating
at baseband are presented. The prototype used a 4-element linear array at each
end, with automatically tuned baseband channel separation [40]. Experimental
results are reported for an indoor link operating in an office environment. Chan-
nels were separated by converting the received signals to baseband and forming
linear combinations of their I and () components, an approach which more readily
scales to a large number of channels and compact IC implementation. The chan-
nel separation hardware was continuously and adaptively tuned under closed-loop
digital control. Control loop signals were derived by monitoring low frequency
(< 100 kHz) pilot tones added to the individual transmitter data signals.

The following chapter presents the system theory for LOS spatial multiplexing

and an analysis of the system sensitivity to non ideal link installations, multi-



Chapter 1. Introduction

path signal propagation, and atmospheric refraction. Chapter 3 analyzes several
methods for implementing the channel separation network hardware required to
separate channels at the receiver. An analysis of additional required receiver func-
tions and sample link configurations are presented. Detailed descriptions of the
hardware prototypes and experimental results are presented in Chapter 4 and

Chapter 5.



Chapter 2

Line-of-Sight Spatial Multiplexing

This chapter presents an analysis of line-of-sight wireless links employing spa-
tial multiplexing. The motivation for the work presented in this dissertation is
presented in Section 2.1. Section 2.2 demonstrates that line-of-sight wireless links
can be analyzed using the principles of diffraction limited optics. Section 2.3
presents the theory of line-of-sight spatial multiplexing and proposes a mathe-
matical framework for further analysis. A link sensitivity analysis is described in

Section 2.4.
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Figure 2.1: Parallel communication links

2.1 Towards 100 Gb/s Wireless Links

Commercial wireless link currently operate at speeds up to approximately 4
Gb/s [30]. A wireless communication system capable of 100 Gb/s would represent
an improvement of two orders of magnitude over existing state of the art wireless
links.

Parallel links (Figure 2.1) are a simple method for increasing aggregate system
data rates and are easily realized for guided wave communication links (optical
fiber, cable, etc.). This principle has been applied to commercial wireless products,
notably products using the IEEE 802.11n wireless local area network standard in
the WiFi bands [2-4]. However, these links operate in non line-of-sight environ-
ments using low GHz carrier frequencies and are limited to aggregate system data

rates well 1 Gb/s.
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High Speed
Wireless Link

Barrier Preventing
Fiber Connection

Figure 2.2: High-Speed Line-of-Sight wireless link

New system architectures are needed to build wireless links capable of achiev-
ing 100 Gb/s operation. Millimeter-wave carrier frequencies offer an attractive
alternative to low GHz carrier operation because of the wide swathes of unlicensed
and semi-unlicensed bandwidth available at 60 GHz and 71-95 GHz (E-band).

Line-of-Sight wireless links operating at 100 Gb/s have several potential ap-
plications. These links could serve as a wireless bridge for fiber links. They could
be used to bridge locations where laying fiber is difficult or expensive (Figure
2.2). 100 Gb/s line-of-sight links could serve as temporary high speed links for
the media at sporting events, etc. High Speed line-of-sight links could be used as

backbone links for future broadband Wireless Local Area Networks. These links
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Figure 2.3: Digital video camera

also offer a simple solution for secure building to building high speed wireless
connections.

This dissertation seeks to answer the following question: Can parallel links
using free space propagation at millimeter-wave carrier frequencies achieve 100

Gb/s aggregate system data rates for line-of-sight wireless links?

2.2 Digital Video Camera: Optics Approach

Digital video camera operation is based on the principles of diffraction limited

optics (Figure 2.3). The angular resolution, 6, of a camera is given by

sin(6) = 0 2~ 1.22 - (2.1)

A
D’

where X is wavelength and D is the diameter of the camera’s lens aperture [41].

10
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Modern digital video cameras can resolve > 10° pixels at a rate of 24 Hz .
Instead of capturing images at a rate of 24 frames/sec, a digital video camera
could be used as a line-of-sight wireless communication receiver. The transmitter
array would be composed of LEDs with a range dependent spacing selected to en-
sure that the camera focused individual transmitter elements on distinct detector
elements.

This hypothetical system demonstrates the principle of line-of-sight spatial
multiplexing. A practical system would require fewer parallel channels with higher

channel data rates.

2.3 Line-of-Sight Wireless Link

This section presents an analysis of millimeter-wave line-of-sight links employ-
ing spatial multiplexing. Section 2.3.1 analyzes the proposed system using the
principles of diffraction limited optics. Section 2.3.2 explores signal propagation
and channel recovery. The system is characterized as a minimally populated, mul-
tiple beam phased array in Section 2.3.3. Section 2.3.4 examines the grating lobe

pattern created by the multiple element receiver.

11
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Figure 2.4: Line-of-Sight Link geometry

2.3.1 Spatial Multiplexing

LOS spatial multiplexing [42] exploits the principles of diffraction-limited op-
tics. The transmitter and receiver use either 1 X n linear or n X n rectangular
antenna arrays whose elements are separated by distances Dy and Dy (Figure 2.4),
selected to ensure the angular separation of the transmitter elements is greater

than or equal to the angular resolution of the receiver array:

D
Op = FT (2.2)
A
o 2.
97”68 . _DR ( 3)
Or > O, (2.4)

where 67 is the angular separation of the transmitter elements, 6, is the angular

resolution of the receiver array, R is the link range, and X is the carrier wavelength

12
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[36]. (2.4) leads to the relationship

(2.5) is also known as the Rayleigh Criterion which describes the diffraction-
limited resolution of an optical system [41].

For line-of-sight links using linear arrays of a fixed total length, the maximum
number of spatially multiplexed channels varies as the inverse of carrier wavelength
(2.4). For rectangular arrays, the maximum number of channels varies as 1/\%.
If the dimensions of the transmitter and receiver are fixed, then a significant
advantage in spatial multiplexing gain is obtained by operating at higher carrier
frequencies. Millimeter-wave operation is particular attractive given the large

available bandwidths.

2.3.2 Signal Propagation and Channel Recovery

LOS spatially multiplexed links can be analyzed by calculating the relative
phase shifts experienced by the signal vectors as they propagate between the
antenna arrays. Figure 2.5 represents transmitted and received signals as vectors
in the I/(Q) plane.

The system is characterized by a channel matrix H whose (normalized) el-
ements h,,, correspond to the complex channel gain from the n'* transmitter

element to the m" receiver element.

13
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Transmitted Received Channel 1 Recovery
Channels Signals
T ™1 RX1 I/) I//“ T
J N\ L tz t
2 S SN
T ™2 RX2 l

Figure 2.5: Signal propagation and channel recovery example for an ideal four-
channel line-of-sight spatially multiplexed link

If channel losses are equal, then

hmn — e—izf(d(mm)—R)’ (26)

)

where d(m,n) is the distance between the n'* transmitter and the m' receiver
elements [36]. Inverting this channel matrix and applying it to the array of received

signals separates the individual channels (Figure 2.5).

2.3.3 Multiple Beam Phased Array

The receiver array can be characterized as a minimally populated, multiple
beam phased array paired with an identical transmitter array (D7 = Dg). The
receiver has the minimum number of antennas required to steer a beam at an

arbitrary transmitter element and place nulls in the directions of the other trans-

14



Chapter 2. Line-of-Sight Spatial Multiplexing
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Figure 2.6: Multiple beam phased array

mitters (Figure 2.6). The plots on the right of Figure 2.6 show the recovered signal
magnitude as a function of of the position of a point source z moving on a line
connecting the transmitter array elements. Simultaneously focusing the receiver
array at each transmitter element does not require additional antenna array ele-
ments; only additional channel separation hardware is needed to separate multiple

transmitter signals.

2.3.4 Receiver Array Grating Lobes

Figure 2.7 plots the normalized antenna patterns of both a conventional single
element LOS link and a four-element link using spatial multiplexing. The patterns
were calculated by moving a point source on a line connecting the transmitter ar-

ray at a distance of 1 km from the receiver array. Both links use 44 dB; parabolic

15
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Figure 2.7: Normalized antenna patterns for single element line-of-sight link and
a four element linear array using spatial multiplexing

dish antennas and a 60 GHz carrier. The phase shifts applied to the received sig-
nals of the four element link were selected to aim the receiver array at transmitter
1 and place nulls in the directions of the other transmitter elements.

The four element link response has several grating lobes corresponding to the
periodic response of the receiver array. The main beam is followed by three nulls
corresponding to the angle of arrival of signals from the other transmitters in the
array. This pattern is repeated as the point source moves to either the left or right
of the transmitter array elements. It should be noted that these receiver grating
lobes do not fall on the actual transmitter array; they are simply locations where
the system is most susceptible to interferers.

The grating lobe peaks are limited by the narrow beam of each parabolic dish

antenna element (Figure 2.7). The four element link is therefore less susceptible
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to a randomly placed interferer than a conventional single element point-to-point
link. The presence of grating lobes between adjacent transmitter array elements

indicates the link may be susceptible to errors in antenna placement.

2.4 Link Sensitivity

The performance of line-of-sight links is sensitive to antenna positioning and
array alignment errors, multipath signal propagation, and atmospheric refraction.
This section will examine the effect of these phenomenon on line-of-sight wireless

links employing spatial multiplexing.

2.4.1 Antenna Position and Alignment Errors

This section considers the effect of errors in antenna positioning on link per-
formance. Deviation from ideal antenna array geometry could be caused by man-
ufacturing or installation errors or the need to use prefabricated arrays at ranges
or link geometries that deviate from the design parameters.

Figure 2.8 is a diagram of the system geometry. A link may suffer from X
or Y translation, range error (Z translation), array tilt (X-Z or Y-Z plane), or a

rotation error (X-Y Plane).
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Figure 2.9: Performance of line-of-sight links in the presence of non ideal link

geometry
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90% Optimal Channel Capacity
X or Y Translation + 530 m
Range (Z Translation) 840 m to 1300 m
Tilt Error (X-Z or Y-Z Plane) +48°
Rotation Error (X-Y Plane) £30°

4 x 4 Rectangular Array, 1km Link Range, 20dB SNR [37]

Table 2.1: Link sensitivity to non ideal system geometry

The effects of non ideal system geometries can be minimized if the system is
adaptive. Figure 2.9 plots the recovered signal magnitude for a four element array
operating at a 1 km link range with a 60 GHz carrier. Two cases are considered:
an array with fixed phase shifts and an adaptive receiver. The red curve plots
the response of an ideal system and the blue curves plot the response of the
system with a range error of 100 m. The adaptive receiver is able to steer nulls
at the locations of the interfering transmitters, even under non ideal conditions.
The link operating with fixed phase shifts is unable to place nulls at the proper
locations and will suffer reduced performance. Channel separation for non ideal
link geometries is performed by inverting the channel matrix (2.6) and applying
it to the received signals

y=H.,-x+n (2.7)

H' y=x2+H1'n (2.8)
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where H, is the non ideal channel matrix, y are the received signals, z are the
transmitted signals, and n is the additive white Gaussian noise. The term H;'-n
leads to noise enhancement for non ideal link geometries and ultimately limits the
link performance [37].

A detailed analysis is presented in [37]. The results for a 4 x 4 link operating
over a 1 km link range with 2 0dB SNR are summarized in Table 2.1. The link
is capable of achieving 90% of the optimal channel capacity over a wide range
of antenna array positioning errors. Additional studies have also concluded that
LOS links with linear and rectangular arrays are robust to small deviations in

individual antenna alignment and array positioning [32-37].

2.4.2 Multipath Signal Propagation

Multipath signal propagation causes frequency dependent gain and phase vari-
ations over the channel passband of a wireless link [43]. For an outdoor line-
of-sight link, ground reflections can generate a strong time delayed copy of the
transmitter signal (Figure 2.10).

However, if the height of the transmitter and receiver arrays are properly
selected, the effect of ground reflections can be minimized. Gpounce, the incident

angle of the ground reflection, is given by

2-H
tan<ebounce) = ebounce = Ta (29)
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ebounce

R

Figure 2.10: Ground reflection in an outdoor link

where H is the height of the transmitter and receiver arrays. @peqm, the beam
angle of the ground reflection signal, is equal to Gpounce-

If the outdoor link uses a 44 dB; parabolic dish (Section 2.3.4), a beam angle
of 1° corresponds to a 17 dB rolloff from the center of the main beam pattern
(Figure 2.7). A ground reflection signal with Gppunce > 1° would have a received
signal magnitude more than 30 dB below the line-of-sight signal at the receiver.
Using this relationship,

H>_——" 2.10
~ 7360 (2.10)

For a 1 km link, H must be greater than 9 m to avoid a significant ground re-
flection. This roughly corresponds to the height of a three story building. In an

urban environment, H must be increased to avoid time varying reflections from
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Figure 2.11: Spatial and multipath equalization

trucks or other ground level traffic. Multipath signal propagation is unavoidable
for practical indoor link scenarios. Figure 2.11 is a diagram of a receiver im-
plementing both spatial and multipath equalization. Both types of equalization
must be implemented on each received signal in order to recover a single channel.
The spatial and multipath equalizer hardware could be merged to form a hybrid

space/time equalizer.
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2.4.3 Atmospheric Refraction

Variations in atmospheric conditions (temperature, pressure, humidity, etc.)
will create a non-uniform index of refraction between the transmitter and receiver
arrays [44]. If an index of refraction gradient exists in the direction of signal
propagation, transmitter beams will deviate from their desired trajectory.

If the transmitter beam deflection angle is larger than a receiver antenna half-
power beam-width, received signal power will be greatly reduced. A single el-
ement point-to-point link will suffer a similar loss in received signal strength.
Arrays composed of beam steering ICs [17-22] could be used to compensate for
the atmospheric refraction of transmitter array beams.

Atmospheric scintillations create time varying amplitude and phase variations
in signals arriving at the receiver [45]. The channel separation network control
loop described in Chapter 5 can compensate for these effects if its time constant

is sufficiently smaller than the atmospheric scintillation time constant.

2.5 Conclusions

This chapter presented an analysis of line-of-sight links employing spatial mul-
tiplexing. The basic system theory was presented and the parallels between op-

tical imaging and line-of-sight links using spatial multiplexing were discussed.
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Link sensitivity to non ideal system geometry, multipath signal propagation, and

atmospheric refraction was analyzed.

24



Chapter 3

Channel Separation Network

Design and Implementation

The channel separation network is the key system component that determines
the performance of line-of-sight links employing spatial multiplexing. This chapter
examines the design and performance characteristics of potential channel separa-

tion network implementations.
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Figure 3.1: Two element time delay channel separation

3.1 Time Delay Based Channel Separation Net-

work

MM-wave line-of-sight links employing spatial multiplexing rely on the relative
time delays experienced by signals propagating from each transmitter element to
the receiver array (Chapter 2). Time delay networks can be used to separate
channels at the receiver.

A two element link (Figure 3.1) is the simplest example of a spatially multi-
plexed line-of-sight link. If n;(¢) and ny(t) are the signals transmitted by trans-

mitters 1 and 2, respectively, and w is the carrier frequency,
RX\(t+ At) = ny(t) - cos(wt) + na(t — 1) - cos(w(t — 7)) (3.1)
RX,(t + At) =ny(t — 1) - cos(w(t — 7)) + na(t) - cos(wt) (3.2)
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then RX(t) and RX(t) are the signals collected by receivers 1 and 2, respectively.
At is the delay from a transmitter to the receiver directly opposite. At + 7 is the
delay between a transmitter and an oblique receiver element.

Channel one can be separated from channel two:

Nirecovered(t+ A1) = RX 1 (t+At) — RXo(t+ At —7) = [n1(t) +n1(t—2-7)] - cos(wt).
(3.3)
The interfering channel is suppressed, however the channel separation network has
added intersymbol interference to the recovered signal. A filter could be used to
remove the intersymbol interference. The equalizer may be difficult to implement
in discrete time because the time delay involved is a fraction of the carrier period
and the bit period is approximately an order of magnitude larger than the carrier
period. For the two channel case, the intersymbol interference is expected to be
negligible (3.3).
Spatially multiplexed links can be described using a channel matrix. For a 1

X 4 linear array, the channel matrix is given by

1 6jw7- 6jw47— eijT
ejwr 1 ejwr ejw4‘r
H(jw) = . (3.4)
e]w4'r eJwT 1 ewT
eijT 6jw47— eij 1
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The time delay network required to separate channels at the receiver is the inverse

of this matrix. The channel separation matrix can be split into columns that

describe the network required to separate each channel

_h}znnell(jw> = 6 ’

Hc_h}znnem(jw) = /8 '

Hc_h}znnel?,(jw) = 6 '

Hc_hznnem(jw) = 6 '

1—2. ejw2'r + 2. ejwﬁr _ eijT
_6jw7- + 6jw37— + 6jw57— _ 6jw97— _ 6jw117- + 6jw137-

ejw27' _ ejw47' _ ejwﬁr + ejwlO‘r + ejwl2‘r _ ejw147'

_ejw?rr + 2. 6ju.)57' —92. ejw9‘r + ejwllT

—elwT + 6]w37’ + 6]w57’ _ 6]w97’ _ 6]w117’ + 6]w137’
1— ejw27' _ eijT + 2. ejw147' _ ejw18'r
—eIVT L QL pIWBT gl pjwlTT | pjwldT

6jw27— _ 6jw47— _ ej(.UGT + ejwloﬂ- + 6jw127- _ ejw147—

6]0.)27' _ 6]0.)47’ _ 6]0.)67’ + 6]0.)107 + 6]0.)127 _ eywl47’
_eij +2. 6jw57— _ ejwllﬂ- _ ejwl’?T + ejleT
1— 6]’0.)27’ _ erJST + 2. ejwl47’ _ 6ju.)18'r

_ejwﬂ- + 6jw37— + 6jw57— _ eijT _ ejwllﬂ- + 6jw137-

_ejw?rr + 2. 6]’0.)57’ —92. engT + ejwllT
6]w27’ _ 6]w47’ _ eijT + 6]w107 + 6]w127 _ egw147—
_ pJjwT Jw3T JwdT _ L JwI9T _ jwllT Jwl3T

e’ +e +e e e +e

1—2. ejw2'r + 2. erJGT _ erJST

28

(3.5)

(3.6)

(3.7)

(3.8)



Chapter 3. Channel Separation Network Design and Implementation
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Figure 3.2: Four element time delay channel separation network for recovering
channel 2

1
= 1—-3- e‘7’4,.)2‘1' + eju)47' +4. ejuJGT —92. e‘7’4,.)8‘1' —92. eju.)lO‘r —92. e‘7’4,.)12‘1' +4. e‘7’4,.)14‘1' + e‘7’4,.)16‘1' —3. ejwls‘r + e‘7’4,.)20‘1' :

(3.9)

B

Figure 3.2 is a diagram of the time delay network required to recover channel
two (3.6). Figure 3.3 plots the time delay channel separation network complexity
for linear arrays with 2-9 elements. Network complexity scales poorly for N > 2.
The plot considers channel separation networks operating at the carrier or an IF

frequency. Baseband networks suffer a factor of 4 increase in complexity.
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Figure 3.3: Ideal time delay channel separation nework complexity for linear
arrays with N elements

3.2 Phase Shift Based Channel Separation Net-

work

LOS links using spatial multiplexing rely on time delay variations between
individual transmitter signals arriving at the receiver array elements to separate
channels (Chapter 2). Ideal wideband channel separation requires variable time
delay elements at the receiver to compensate for antenna positioning errors at the
transmitter and receiver arrays (Section 2.4.1).

Variable time delay elements can be difficult to implement using integrated
circuit technology. Phase shift elements can be easily implemented using base-
band circuits in either digital or analog form. Figure 3.4 compares the complexity

of ideal time delay channel separation networks to simple phase shift channel sep-
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Figure 3.4: Ideal time delay and phase shift channel separation network com-
plexity for linear arrays

aration networks for linear arrays of length N. For N > 2, phase shift channel
separation networks are smaller than ideal time delay networks. The plot con-
siders channel separation networks operating at the carrier frequency or at IF.
Baseband channel separation networks for both cases suffer a factor of 4 increase
in complexity.

This section examines the performance of phase shift based baseband channel

separation networks.

3.2.1 Wideband Signal-to-Interference Ratio Performance

Over a narrow bandwidth, a time delay can be approximated as a phase shift.
As signal bandwidth increases, this approximation breaks down. For a spatially

multiplexed link, this leads to a decrease in signal-to-interference ratio (SIR) at the
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Figure 3.5: SIR as a function of frequency for 60 and 80 GHz links using phase
shift channel separation networks

edges of the signal passband. However, phase shift channel separation networks
can be implemented with simple baseband circuits, whereas variable-delay circuits
are more complex and difficult to realize over wide signal bandwidths. A pair
of four-quadrant analog multipliers operating on the I and ) components of a
baseband signal can perform arbitrary magnitude and phase shift operations.
Figure 3.5 plots the single tone SIR response of 1 x 4 linear and 4 X 4 rectan-
gular antenna arrays operating at 57-64 GHz and 81-86 GHz over a 1 km range.
The carrier frequency is placed at the center of the passband. These plots repre-
sent the worst case performance of an ideal system, which occurs when the receiver

array is aimed at an inner transmitter array element.
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3.2.2 Effect of Residual Interference Power on Bit Error

Rate

Recovered signal bit error rates (BER) can be related to receiver SIR after
channel separation. If we ignore the frequency dependence of the SIR, the BER
is readily calculated as a function of E,/N, and the SIR for a system with an
arbitrary number of channels. Ej, is the energy per bit and N,/2 is the variance
of additive gaussian noise.

The resulting expression provides a general understanding of BER performance
in the presence of limited SIR. If a system has M=n-1 interferers of equal power

and uses BPSK signaling, then

y(t) = s(t) + « Z ;(t) + n(t), (3.10)

where y(t) is the recovered signal, a? is the power of an individual interferer, n(t)

is additive gaussian noise with zero mean and variance N, /2, and
s(t) € {—\/Eb,+ Eb} (3.11)

zi(t) € {—\/E,, n Eb} (3.12)

where s(t) is the desired symbol and z;(¢) are interfering symbols.
Total SIR is

SIR =

. 1
R (3.13)
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For the case of one interferer,
y(t) = s(t) + a-x1(t) + n(t). (3.14)

Assume, without loss of generality, s(t) = -1. An error occurs if y(t) > 0. It can

be shown that the error probability is

1 2-E 1 2-E
Perror:§'Q<(1+a)' Nob>+§Q<(1_a) Nob>> (315)

where () is the complementary error function. Generalizing to M interferers,

M M
1 2.k
PETTOTZQ_M'Z Q<(1+Q(M_2k)) NQ)? (316)
k=0 k
where
M |
M (3.17)
A T

is the number of combinations of M elements taken £ at a time.

Figure 3.6 plots BER versus E,/N, as a function of SIR for 1 x 4 linear and
4 x 4 rectangular antenna arrays using BPSK signaling. BER degradation is
minimal for SIR levels above 20 dB for linear and rectangular arrays.

From Figure 3.5, the performance of ideal 80 GHz systems using phase shift
based channel separation networks meet the SIR requirements for tolerable BER
degradation. The 60 GHz links have SIR < 20 dB at the edges of the passband.

This analysis approximates the BPSK data spectrum as tones placed at the edges
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Figure 3.6: BER performance of 1 x 4 linear and 4 x 4 rectangular arrays as a
function of SIR

of the passband and represents a lower bound on the BER performance of the
system.

The analysis described in this section also applies to QPSK signals using a gray
bitmap [43]. This method of analysis can be applied to other signal modulation

schemes, such as DPSK and DQPSK.

3.3 Approximating Ideal Time Delay Channel

Separation Network

Ideal time delay channel separation networks scale poorly for linear arrays

containing more than two elements (Figure 3.3). Phase shift based channel sepa-
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Figure 3.8: SIR performance for 1 x 4 linear array channel separation networks
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ration networks reduce system complexity, however they suffer from reduced SIR
performance at the edges of the signal passband (Figure 3.5).

Channel separation networks consisting of pairs of time delays (Figure 3.7(a))
or a time delay and and a phase shift element (Figure 3.7(b)) could be used to
approximate the ideal time delay channel separation network over a broader band-
width than single phase shift based channel separation networks. Each element

of a dual time delay channel separation network is given by
Hm,n = Q1(m,n) 6jw-n1(m’n)-7— + A2(mn) eju)'nz(m’n)-7'7 (318>

where i (mn), @2(mn)s Ni(m,n), a0d No(m n) are gain and time delay parameters used
to approximate the phase and magnitude response of the ideal time delay channel
separation network.

A time delay/phase shift channel separation network has a transfer function
given by

Hm,n = al(m7n) . ejW-Tbl(m,n)‘T _'_ a2(m7n) . ej'¢2(m,n)’ (319)

where ¢z, ) is a phase shift parameter used to approximate the phase and mag-
nitude response of the ideal time delay channel separation network.

These networks can be used to approximate the ideal time delay channel sep-
aration network. Both networks are capable of exactly matching the performance

of an ideal channel separation network at two frequencies. Other methods can be
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used to design the networks to approximate the magnitude and phase response
over a given bandwidth [46].

Figure 3.8 plots the wideband SIR performance of single phase shift, dual time
delay, and time delay/phase shift channel separation networks for a 1 x 4 linear
array operating at 60 GHz. The two element channel separation networks have
nearly the same SIR performance. The channel separation networks were designed
to match the performance of the ideal time delay channel separation network at
two frequencies: 58 and 63 GHz. Other methods for approximating the ideal time
delay channel separation network could be used to shape the SIR performance as
a function of frequency.

SIR is > 30 dB over the entire signal band. This ensures that residual cross
channel interference will have very little effect on system performance. SIR >
20 dB has little effect on BER as a function of E,/N, (Figure 3.6). These re-
sults demonstrate that channel separation network complexity can be traded for

improved wideband SIR performance.

3.4 Channel Separation Network Placement

The receiver channel separation network for a wireless link employing spatial

multiplexing could be placed at three different frequencies: mm-wave carrier, IF,
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or at baseband. Receiver signal distribution is a major disadvantage for channel
separation networks operating at the system carrier frequency. Cables capable
of carrying mm-wave frequencies are expensive and lossy, given receiver element
separation on the order of 1 m for a link range on the order of 1 km (Chapter
2). Further, a mm-wave channel separation network eliminates the possibility
of digital channel separation and requires complex analog circuitry operating at
mm-wave frequencies.

Operation at IF frequency easies the problem of receiver signal distribution.
The carrier frequency must remain above 2 GHz, given the wide bandwidths avail-
able at mm-wave carrier frequencies. IF operation increases the size of the analog
channel separation network compared to mm-wave operation. Tuned circuits re-
quire bulky on chip reactive elements.

Baseband channel separation networks have several advantages. Direct down-
conversion receivers can be used, reducing receiver IC complexity. Baseband signal
distribution allows the use of cheaper cables, however the baseband signals will
have bandwidths of 5 -7 GHz, requiring the use of high quality coaxial cables.

Analog circuit based channel separation networks do not require bulky tuning
networks, reducing the die area requirements. Baseband operation also allows the

possibility of a DSP based channel separation network.
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Figure 3.9: Analog channel recovery

3.5 Baseband Channel Separation Network Im-

plementations

Baseband channel separation networks offer several advantages over RF or IF
channel separation networks (Section 3.4). Phase shift based channel separation
networks offer reasonable performance and straight forward implementation using

either analog or digital circuits.
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Figure 3.10: Custom IC four quadrant analog multiplier

3.5.1 Analog Channel Separation Network

The phase shift based channel separation network described in Section 3.2 can
be implemented with simple analog circuits (Figure 3.9). Four quadrant analog
multipliers implement arbitrary vector operations (phase shift and magnitude scal-
ing) by operating on the complex baseband signals from each receiver. The four
quadrant analog multiplier can be implemented using bipolar transistors (Figure
3.10). This circuit, first proposed by Barry Gilbert, features a linear gain control
curve [47].

Degenerated differential pairs provide linearized voltage to current conversion
for both the input signal and the gain control signal. Diode connected loads
on the gain control differential pair create an inverse hyperbolic tangent current

to voltage transfer function. This nonlinearity predistorts the signal before it is
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Figure 3.11: 40 Gb/s QPSK receiver [1]

applied to the bases of the upper differential pairs. The upper differential pairs
have a hyperbolic tangent voltage to current transfer function. The overall gain

control transfer function is linear, assuming the transistor are matched [47].

3.5.2 DSP Based Channel Separation Network

Recent work on QPSK optical links implies that digital channel separation is
possible (Figure 3.11). The system uses a custom IC, implemented with 90nm
CMOS, that contains four 20 GS/s ADCs capable of 6 bit resolution over a 6 GHz
3 dB bandwidth. An on chip DSP consisting of 20 million gates and capable of
12 x 10'? operations per second performs the required receiver signal processing
operations, including carrier and clock recovery in addition to polarization and
dispersion compensation. The IC dissipates 20 W [1].

Figure 3.12 is a block diagram of a four element receiver using digital channel

separation. If the system uses QPSK signaling, a BER of 107% requires an % of
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Figure 3.12: Four element, 40 Gb/s digital receiver

~11 dB. A 15 dB system margin gives a recovered signal SNR of 26 dB. An ideal
6 bit ADC has a dynamic range of ~36 dB, placing the quantization noise floor
10 dB below the recovered signal noise floor.

At 60 GHz, each I and @ channel is limited to 3.5 GHz bandwidth which
is below the 6 GHz 3 dB bandwidth of the ADCs used in the 40 Gb/s optical
link. Additional receiver functions, including carrier and clock recovery, could be
implemented with digital or mixed-signal circuits.

The analog channel separation network described in Section 3.5.1 can be im-
plemented with digital circuits (Figure 3.13). Four quadrant analog multipliers
are implemented using multiply /accumulate (M/A) digital blocks. M/A blocks
consist of a digital multiplier and a two input adder circuit (Figure 3.13). This

circuit architecture is identical to FIR filters routinely implemented on DSPs. In-
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Figure 3.13: Digital channel recovery

put signals are delayed in order to compensate for the delays in signal propagation
through the multiply/accumulate chain.

A digital channel separation network for a 1 x 4 linear array requires 64
M/A blocks operating at full speed. Power Consumption/Die Area tradeoffs may
dictate the need for parallel operation of slower M/A blocks. The number of M/A

blocks required for a given sampling rate and M/A clock speed is given by

sampling rate

M/A B = .
/A Blocks =8 x 8 M/ A clock rate

(3.20)

Further work is needed to determine the feasibility of an all digital or mixed signal

receiver for line-of-sight links employing spatial multiplexing. Open questions
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Range (m) | Frequency (GHz) | n  Array Length (m) Data Rate' (Gb/s)

2 1.24 29

1000 83.5 3 2.19 65

4 2.84 115

2 0.42 29

100 83.5 3 0.69 65

4 0.90 115

2 0.16 40

10 60.5 3 0.26 90

4 0.33 160

! Assuming n X n rectangular arrays, QPSK modulation, o = 0.4

Table 3.1: Sample Link Configurations

include power consumption and die area requirements compared to analog circuit

implementations.

3.6 Sample Link Configurations

Table 3.1 provides sample link configurations illustrating potential array sizes,
link ranges, and data rates. Array sizes n = 2, 3, 4 are considered, corresponding
to 4, 9, 16 element rectangular arrays. Two outdoor link ranges (100 m and 1
km) are considered and a 10 m indoor link example is also specified. A carrier
frequency of 83.5 GHz is assumed for the outdoor link examples and a 60.5 GHz
carrier is used for the indoor link. Long range links are unattractive at 60 GHz

due to significant signal attenuation caused by oxygen absorption.
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The length of a spatially multiplexed array is given by

L=D-(n—1) (3.21)

where D is the antenna element spacing given by (2.5), assuming Dy = Dg. The
outdoor link calculation assumes a 5 GHz channel bandwidth (81-86 GHz) and
the indoor link assumes a 7 GHz data bandwidth (57-64 GHz).

Data rates are provided for n x n arrays assuming a 1.4 bit/s/Hz spectral
efficiency. This spectral efficiency could be achieved with QPSK modulation and
an excess bandwidth factor a = 0.4. A mm-wave link with a spectral efficiency of
2.4 bit/s/Hz has been reported [7] and higher spectral efficiencies can be expected
in the future. Exploiting cross polarization diversity [29] could double the link
data rates listed in Table 3.1. For example, a link using 4 x 4 arrays could support
230 Gb/s in the 81-86 GHz band.

Although an emphasis has been placed on outdoor links, it should be noted
that large aggregate data rates can be achieved for indoor links exploiting LOS
spatial multiplexing. As shown in Table 3.1, arrays for short range links scale down

to sizes well suited for integration with devices such as set-top boxes, laptops, and

HD displays.
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3.7 Conclusions

This chapter presented an analysis of channel separation networks for line-of-
sight links employing spatial multiplexing. The channel separation network is the
most important component of these systems and determines system performance.
Ideal time delay channel separation networks were derived. Simple phase shift
networks were examined as an alternative to the ideal time delay channel separa-
tion network. Dual time delay and time delay/phase shift networks were shown
to improve wideband SIR performance compared to phase shift channel separa-
tion networks at the cost of increased system complexity. Digital and analog

implementations were examined and compared. Link examples were presented.
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Two-Element Prototype: IF

Channel Separation

This chapter describes the initial two-element prototype that was built to
demonstrate the feasibility of spatial multiplexing at millimeter-wave frequencies.
The following section presents the system architecture. A detailed description of
the hardware prototype and experimental results from both indoor and outdoor

testing are presented in the remaining sections.

48



Chapter 4. Two-Element Prototype: IF Channel Separation

Channel Separation Network

Sony/Tek |PRBS Agilent -
AWG-520|600Mbps 14.25GHz  19GHz DSOG1O4A|OSCI|Ioscope|U—SB>|Computer

Port

TxIF Tx RF RXIF  farmevrusrmnemnesnrensmnsenst
3GHz 60GHz 3GHz

Figure 4.1: Two-channel MIMO hardware prototype block diagram

4.1 System Architecure

The initial prototype effort consisted of two-element transmitter and receiver
arrays (Figure 4.1). IF channel separation was chosen to reduce system complexity
and the time required to build and test the prototype. A 60 GHz carrier frequency
was chosen for the wide variety of waveguide components available at V-band and
the reduced FCC regulations compared to other millimeter-wave bands. The
following section describes the design and construction of the transmitter and

receiver hardware prototypes.

4.2 Prototype Design and Construction

The hardware prototype (Figure 4.1) was constructed from commercially avail-
able millimeter-wave and RF components and consists of a two-element transmit-

ter and a two-element receiver. Section 4.2.1 describes the transmitter array pro-
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Figure 4.2: Transmitter prototype

totype. The receiver array is described in Section 4.2.2 and the receiver channel

separation network is presented in Section 4.2.3.

4.2.1 Transmitter Array

The transmitter (Figure 4.1) consisted of a baseband data source, BPSK mod-
ulator, and 60 GHz upconverter stages. The baseband data source generated two
independent Pseudo Random Bit Sequences (PRBS) at 600 Mb/s with sequence
length 2'7 — 1. The PRBS data streams were generated using different maximal
length shift register feedback configurations, ensuring that the two channels carry
independent data. A 3 GHz IF carrier with BPSK modulation was obtained by
applying these data signals, in bipolar format, to the baseband port of a mixer

operating with a 3 GHz local oscillator. Using a second mixer, the 3 GHz BPSK
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Figure 4.3: Indoor receiver prototype

signal was upconverted to 60 GHz. A 58-62 GHz bandpass filter suppressed both
the mixer image response and LO feedthrough. The transmitter used 24 dB; stan-
dard gain horn antennas for both indoor and outdoor experiments (Figure 4.2).
The transmitter element spacing was increased from 12 cm for indoor testing (6

m link range) to 32 cm spacing for outdoor testing (41 m link range).

4.2.2 Receiver Array

The receiver (Figure 4.1) contained a 60 GHz downconverter, an IF chan-
nel separation network, a data demodulator, and data capture hardware. The
downconverter block brought the received signals to a 3 GHz IF and contained a

bandpass filter, an LNA, and a mixer.
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Figure 4.4: Outdoor receiver prototype

The channel separation network was placed at the IF frequency. Nominally,
this network is composed of two fixed 90° phase shifts. To accommodate variations
from the nominal case of the relative gains and phases of the four propagation
paths, variable-gain and variable-delay elements were provided in the channel
separation network. These elements were manually adjusted to null the cross-
channel interference.

After separating the channels, data was demodulated using a Differential Phase
Shift Keying (DPSK) demodulator. Carrier recovery at the receiver is not re-

quired. The demodulator operated at the 3 GHz IF and consisted of a power
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Received Recovered
Signals VGA Channels

L.
L.

Figure 4.5: IF channel separation network

splitter, a 1-bit-period delay element, and a mixer. This allowed the demodulator
to combine data demodulation and downconversion to baseband.

The recovered data was captured on a multiple channel oscilloscope controlled
by a laptop computer. Both recovered channels were digitized simultaneously for
subsequent bit error rate (BER) analysis. The oscilloscope memory size limited
the amount of data that could be captured and prevented measurement of error
rates below 1076,

The receiver prototype used 24 dB; standard gain horn antennas at 12 cm
spacing for indoor testing (Figure 4.3). For outdoor testing, the receiver was

equipped with s 40 dB; Cassegrainian antennas at 32 cm spacing (Figure 4.4).
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Gain at 3GHz
25 : ¥ 1 T

200..... E
15 ° -

10k ° -

Gain (dB)

10 b

-15 1 1 1 1
-3 -2 -1 0 1 2

Control Voltage (V)

Figure 4.6: Variable-gain amplifier gain control curve

4.2.3 Receiver Channel Separation Network

The IF channel separation network (Figure 4.5) consisted of pairs of manually-
tuned coaxial line stretchers and variable gain amplifiers. The variable-gain am-
plifiers had 3 dB bandwidths in excess of 10 GHz. Figure 4.6 is a plot of the gain

of the variable-gain amplifiers as a function of control voltage.

4.3 Experimental Results

The two-element hardware prototype was tested in both an indoor office envi-
ronment at a range of 6 m and outdoors at a 41 m link range. Table 5.1 summarizes

the indoor experiment link budget and Table 4.2 presents the outdoor link budget.
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TX Antenna Gain 24 | dB;
RX Antenna Gain 24 | dB;
RX Power 6 | m
Free-Space Path Loss 84 | dB
RX Noise Figure 8| dB
BER 10-¢

Link Margin 13 | dB
TX Power -17 | dBm
RX Power -53 | dBm

Table 4.1: Indoor Link Budget

TX Antenna Gain 24 | dB;
RX Antenna Gain 40 | dB;
RX Power 41 | m
Free-Space Path Loss 100 | dB
Atmospheric Attenuation 1|dB
RX Noise Figure 8| dB
BER 1076

Link Margin 13 | dB
TX Power -17 | dBm
RX Power -54 | dBm

Table 4.2: Outdoor Link Budget
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- Receiver
- b

i |

Figure 4.7: Indoor radio link experiment

Results from the indoor and outdoor experiments are presented and analyzed in

the following sections.

4.3.1 Indoor Results

The hardware prototype was tested in an indoor office environment at a range
of 6 m (Figure 4.7). The transmitter and receiver antenna pairs were separated by
12.4 cm. Horn antennas were used in the transmitter and receiver arrays. The
receiver channel separation network was tuned by operating the PRBS source at

10 Mb/s. The spectrum of each output of the channel separation network was
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Figure 4.8: Indoor channel separation network performance at 10 Mb/s
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Channel Number 1 2
BER Single Active Transmitter | < 107% | < 107°
Two Active Transmitters | < 107%| < 107°
: : 10 Mb/s per channel 29 dB 24 dB
l-to-Interfi t
Signal-to-Interference Ratio 600 Mb/s per channel 12 dB 18 dB

Table 4.3: Summary of indoor measurements

observed on a spectrum analyzer. Gain and time shift elements were iteratively
tuned to minimize the undesired transmitter signals. Figure 4.8 is a plot of the
channel suppression at 10 Mb/s.

After tuning the channel separation network, the system was operated at 600
Mb/s. Figure 4.9 is a plot of the channel suppression at 600 Mb/s. Channel sep-
aration network performance was limited by frequency dependent gain and phase
variations between the signals at each receiver array element. These variations
were caused by component mismatches between the two receiver channels and by
the multipath signals inherent in an indoor propagation environment. Given these
channel mismatches, the channel suppression ratio is 12 dB (Table 4.3).

Receiver eye patterns are shown in Figure 4.10. Bit error rate (BER) mea-
surements were performed offline on signals captured by the oscilloscope (Table
4.3). Measurements were made with both transmitters active and with only one
transmitter active at a time. There was no measurable difference in the system

BER for the two operating modes.
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Before Channel
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Figure 4.10: Measured eye patterns before and after channel separation (indoor
link)

4.3.2 Outdoor Results

The hardware prototype was tested in an outdoor environment at a range of 41
m (Figure 4.11). The transmitter and receiver antenna pairs were separated by 32
cm. The receiver antennas were aimed using two-dimension tilt adjusters. Figure
4.12 shows channel separation network performance at 10 Mb/s data rate. The
network was manually tuned to suppress cross-channel interference. Over a 60
MHz bandwidth, a 29 dB maximum channel suppression was achieved. Channel
suppression levels for the two channels were within 1 dB at this data rate.

The operating data rate was then increased to 600 Mb/s (Figure 4.13). Over
a 600 MHz bandwidth, cross-channel interference of channel 1 by channel 2 was

suppressed by 21 dB over the data bandwidth. Cross-channel interference of
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Power Spectrum at Channel 1 Output (dBm)
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Figure 4.12: Outdoor channel separation network performance at 10 Mb/s
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Figure 4.13: Outdoor channel separation network performance at 600 Mb/s

Channel Number 1 2
Single Active Transmitter | < 107% | < 107°

BER
Two Active Transmitters | < 107¢ | 1.8 x 107¢
: .| 10 Mb/s per channel 28 dB 29 dB
l-to-Interfi t
Signal-to-Interference Ratio 600 Mb/s per channel 21 dB 10 dB

Table 4.4: Summary of outdoor measurements

channel 2 by channel 1 could be suppressed by only 10 dB. This is a consequence
of a strong (and unintended) frequency-dependence to the gain or phase of the
components within one summation branch of the channel separation network.

Because of this, the cross-channel interference can only be nulled at the center of

the IF bandwidth.
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Channel 1 Channel 2

50mV per division
50mV per division

500ps per division 500ps per division

Figure 4.14: Measured eye patterns after channel separation (outdoor link)

Despite the limited suppression of the interference of channel 2 by channel
1, measured transmission BERs were better than 2 x 107% on both channels
simultaneously (Table 4.4). To assess the impact of cross-channel interference on
the transmission error rate, the system was tested with both transmitters active
and with one transmitter active at a time. Measured BERs were < 107¢ with
only one active channel. Figure 4.14 shows the receiver eye patterns. The larger
eye closure observed for channel 2 can be attributed to the lower suppression of

cross-channel interference for channel 2 (Table 4.4).

4.4 Conclusions

This chapter described the design, implementation, and testing of a two-

element hardware prototype using IF channel separation. Results from both in-
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door and outdoor wireless testing have been presented and analyzed. These results
are the first demonstrations of spatial multiplexing at millimeter-wave frequencies
for both indoor and outdoor wireless links. This work strongly influenced the

design of a four-element hardware prototype that is described in the next chapter.
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Four-Element Prototype:
Adaptive Baseband Channel

Separation

This chapter describes a four-element hardware prototype that was built to
demonstrate adaptive baseband channel separation. Experimental results from

indoor link testing are presented.
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Figure 5.1: Four-element hardware prototype
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5.1 Prototype Design and Construction

The hardware prototype (Figure 5.1) used commercially available millimeter-
wave and RF components and a printed circuit board based channel separation
network. A control loop continuously tuned the channel separation network. Base-
band channel separation was chosen to demonstrate a system architecture capable
of scaling to larger array dimensions and higher aggregate system data rates.

The prototype consisted of a four-element transmitter and a four-element re-
ceiver. Section 5.1.1 describes the transmitter array prototype. The receiver array
is described in Section 5.1.2; the receiver channel separation network is presented

in Section 5.1.3, and the adaptive control loop is covered in Section 5.1.4.

5.1.1 Transmitter Array

The transmitter prototype (Figure 5.2) consisted of an FPGA baseband data
source, pilot tone sources, BPSK modulators, and 60 GHz upconverters. An
FPGA generated four independent Pseudo Random Bit Sequences (PRBS) at 600
Mb/s with sequence lengths 220 — 1, 222 — 1, 2% — 1 and 2?° — 1. Each PRBS
sequence had a different shift register length to conclusively show the receiver sep-
arates channels correctly. Unique pilot tones were added to each PRBS sequence

and the combined signal was applied, in bipolar format, to the baseband port of
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Figure 5.3: Photograph of the transmitter prototype
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a mixer operating with a 3 GHz local oscillator. A second mixer upconverted the

3 GHz BPSK signal to 60 GHz. The mixer image response and LO feedthrough

were both suppressed by a 58-62 GHz bandpass filter. Each transmitter used a 24

dB; standard gain horn antenna (Figure 5.3). The antennas had a 7.9 ¢cm spacing

for the 5 m range indoor wireless link experiment.

5.1.2 Receiver Array

The receiver prototype (Figure 5.4) included 60 GHz downconverters, I/Q)

demodulators, baseband channel separation electronics, and a control loop. The 60

GHz downconverter modules brought the received signals down to a 2.31 GHz IF
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Figure 5.5: Photograph of the receiver prototype
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frequency. They each consisted of a 24 dB; standard gain horn antenna, bandpass
filter, and a mixer (Figure 5.5). I/Q demodulators bring the received signals down
to baseband. The antennas had a 7.9 cm spacing for the 5 m range indoor wireless
link experiment. Signal splitters distribute the baseband I and () signals to eight
channel separation circuit boards (Section 5.1.3). Each PCB recovers either the I
or () component of a single channel.

The recovered data was captured on a two-channel oscilloscope controlled by
a computer. The I and () components of one recovered channel were simulta-
neously stored for offline bit error rate (BER) analysis. Carrier recovery was
not implemented at the receiver. Final data recovery was performed offline by
DPSK demodulation. This hardware prototype was capable of recovering all four

channels simultaneously.

5.1.3 Receiver Channel Separation Network

The channel separation PCBs (Figure 5.6) consist of arrays of variable gain
amplifiers (VGAs) and a summation network. Each VGA was a full four-quadrant
analog multiplier, allowing arbitrary magnitude scaling and phase shift operations
on each of the received signals. The summation network was an 8:1 resistor power
combiner matched to 50 €. Transistor array ICs were used to implement the four

quadrant analog multipliers (Figure 5.7). This design forced several compromises
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compared to a custom IC implementation (Figure 3.10). Resistor biasing was used
to reduce the component count. 64 copies of the circuit are required to implement
the channel separation network. The circuit was AC coupled to avoid DC bias
mismatches between circuits within the channel separation network. The gain
control circuit used a reduced component count.

This compromise resulted in a nonlinear gain control curve that was sensitive
to transistor beta and DC operating point variations. The circuit was simulated
over the range of expected beta variation for the specified resistor tolerance to
ensure that the gain control curve remained within the output voltage range of
the DACs chosen for the control loop.

The nonlinear behavior and variations in the gain control curve limited the
possible control loop algorithms. A gradient descent algorithm (Section 5.1.4) was
chosen because the algorithm only requires a monotonic gain control function.

For an ideal system, only phase shift operations are required to separate chan-
nels at the receiver. A real system will have gain mismatches between individual
transmitters and receivers and will also require magnitude scaling. The channel
separation network must also be capable of arbitrary phase shift operations to

account for antenna positioning and alignment errors.
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Figure 5.8: Receiver channel separation network control loop

5.1.4 Receiver Control Loop

The control loop (Figure 5.8) adjusted the baseband VGA coefficients so that
the output of the channel separation network contains the data stream from the
desired transmit channel, while canceling other interfering channels. First, the
eight outputs of the channel separation network were filtered and digitized at 125
Ksamples/s to measure the magnitude of the embedded transmitter pilot tones
(Figure 5.9). The sampling rate was determined not by the data rate, but by the
pilot frequencies, which were 25 KHz, 30 KHz, 35 KHz, and 40 KHz, for transmit-
ter channels 1, 2, 3, and 4, respectively. These frequencies were sufficiently higher

than the lower cut-off frequency of the receiver chain (approximately 1 KHz),
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Figure 5.9: Control loop algorithm

but low enough to allow the use of low-cost multi-channel digitizers, regardless of
actual data rate.

By performing an FFT operation, the magnitude of each pilot tone can be
identified. Specifically, the amount of interference channel power at receiver k can

be quantified by

Py i
Pe1+ Pio+ Pes+ Pea’

NPP, = (5.1)

where N PP is the normalized pilot power at receiver kand P ; is the pilot power
from transmitter j coupled to the receiver k. It follows 0 < NPP, < 1, with the

maximum achieved upon perfect channel separation with Py ; = 0 for all k # j.
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SIR at the receiver k can be estimated by

1
SIR, = ———

) (5.2)
NPP, 1
The control loop attempts to find the optimum tuning of the k-th receiver channel

separation network, ¢ op¢, by maximizing the normalized pilot power,
Ck opt = AT Ge,max NP Py, (5.3)

where ¢, = [c11 c19 Ca1 C2.0 Cag Cag] represents control voltages for the VGA
array at receiver k. The optimization was implemented as a simple gradient-based
iteration.

First, all VGA voltages are initialized, and the k-th channel gradient vector
Ac¢y, is obtained by applying a small perturbation to each element of the vector
ci. Next, an adjustment is made to voltage vectors to move along the direction
of increasing NP Py,

A" = gl Ay, (5.4)

() and ™ are k-th channel voltage vectors at (n+1)-th and n-th it-

where ¢
eration, respectively. The amount of adjustment can be controlled by 3, which
is typically a small constant. Similar updates continue until NPP, no longer
increases, at which point the gradient Ac¢g needs to be updated.

A single update of all four-channel VGA voltages required approximately 1

second, allowing for the tracking of slow-varying channel conditions and group
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Figure 5.10: Indoor radio link experiment

delay variations in the receiver electronics. The loop speed was mainly limited
by the programming time of the 64-channel D/A converter board, and could be
improved by adopting a faster digital interface.

In the steady-state, typical measured N PP, is 0.99, yielding ~20 dB of SIR.
The loop performance can also be enhanced by adopting various linear estimation
techniques (e.g. [48]). The performance of the adaptive channel-separation loop

is ultimately limited by random gaussian noise.
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TX Antenna Gain 24 | dB;
RX Antenna Gain 24 | dB;
RX Power 5| m
Free-Space Path Loss 82 | dB
RX Noise Figure 14 | dB
BER 1076

Link Margin 16 | dB
TX Power -10 | dBm
RX Power -44 | dBm

Table 5.1: Link Budget

5.2 Experimental Results

The hardware prototype (Figure 5.10) was tested in an indoor office environ-
ment at a 5 m link range. The antenna element spacing was 7.9 cm at both the
transmitter and receiver. Table 77 summarizes the prototype system link budget.

System performance was characterized in the frequency domain and with BER
testing. The I and () components of one recovered channel were simultaneously
captured using a two-channel oscilloscope. DPSK data demodulation and BER

measurements were performed offline on the captured signals.

5.2.1 Channel Separation Performance

Channel separation network performance was characterized in the frequency

domain by transmitting 600 Mb/s PRBS sequences. After programming the con-

77



Chapter 5. Four-Element Prototype: Adaptive Baseband Channel Separation

-50

B T =3 T T T T
o m
2 A S 0 ‘/Channel 2
e e
£ 0} - g -0k
[ 3
3 NAAAAAN HM"V"'V'l'\- n o
g -80 [ W Channels 2,3,4 g -80 | Channels 1,3,4 b
2 (suppressed) RBW: 300kHz H (suppressed) RBW: 300kHz
& -90 1 1 1 1 g -90 1 1 1 1
0 100 200 300 400 500 0 100 200 300 400 500
Frequency (MHz) Frequency (MHz)
g -50 T T T T Tt -50 T T T T
3 %0 ‘/Channel 3 % 60 A/Channel4 i
g £
= 2
§ -70 5 -70 | b
g 5 o0 MM A N
»
5 -80 Channels 1,2,4 80 F \Channels 1,2,3
s (suppressed) RBW: 300kHz g (suppressed) RBW: 300kHz
g -90 1 [l 1 1 g -90 1 1 L 1
0 100 200 300 400 500 0 100 200 300 400 500
Frequency (MHz) Frequency (MHz)

Figure 5.11: Measured channel separation network performance

trol loop to recover a particular channel, the received power spectrum was mea-
sured at the output of the channel separation network under two conditions. First,
the desired channel was activated. The second measurement was made with the
desired channel turned off and the three interference channels activated. Figure
5.11 shows the received power spectrum for each channel for both cases. The
measured SIR for each channel is summarized in Table 5.2.

Similar performance was achieved for channels 1 and 4. Reduced channel 3
SIR levels can be attributed to the reduced power of the recovered signal relative
to the other channels Figure 5.11.

Measurements of the output power of the 60 GHz upconverters varied by

0.4 dB across the transmitter array. Additional measurements are required to
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determine the effect of multipath signal propagation on the measured variations

in SIR performance.

5.2.2 Bit Error Rate Testing

Time domain testing was performed using 600 Mb/s PRBS signals. The BER
performance of the system was measured for two cases. First, a single channel
was activated and the BER was measured to obtain the system performance in
the absence of interference signals. The second set of BER measurements was
performed with all channels active simultaneously to assess the impact of channel
separation network performance on transmission error rates.

For the case of a single active channel, the measured BER was < 107% for
all channels. BER measurement results for the case of all channels active simul-
taneously are summarized in Table 5.2. Similar performance was achieved for
each recovered channel in both the presence and absence of interference signals,
with the exception of channel 3. The increase in channel 3 BER in the presence
of interference signals can be attributed to reduced SIR performance, compared
to channels 1,2, and 4. These results are similar to the performance of a two-
channel hardware prototype operating at 600 Mb/s per channel [32],[33]. Figure
5.12 shows typical receiver eye patterns after channel separation and DPSK de-

modulation. The eye patterns were generated offline on data captured for BER
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Before Channel Separation

After Channel Separation

Channel 1

Channel 3 Channel4 %

Figure 5.12: Receiver eye patterns before and after channel separation and offline
DPSK demodulation
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Recovered Channel BER Signal-to-Interference Ratio (dB)
1 <107 15
2 <107 12
3 1.2 x107° 10
4 <1076 14

Table 5.2: Summary of experimental results

measurements. Variations in eye closure can be attributed to the measured SIR

performance of each channel (Table 5.2).

5.3 Conclusions

This chapter described the design, implementation, and testing of a four-
element hardware prototype using adaptive baseband channel separation. Results
from indoor wireless testing have been presented and analyzed. These results
are the first demonstrations of adaptive spatial multiplexing at millimeter-wave

frequencies.
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Conclusions

This dissertation presents the first experimental demonstration of a millimeter-
wave line-of-sight communication link using spatial multiplexing. In this chapter,

key achievements are summarized and suggestions for future work are presented.

6.1 Achievements

A comprehensive analysis of line-of-sight wireless links using spatial multi-
plexing was presented from a hardware perspective. Link sensitivity to non-ideal
system installation, multipath signal propagation, and atmospheric refraction was
analyzed. Channel separation network hardware implementations were proposed

and simulated to determine performance tradeoffs.

82



Chapter 6. Conclusions

A scalable system architecture for adaptive Line-of-Sight spatial multiplexing
for millimeter-wave communication links was proposed and demonstrated. A key
feature of this system architecture is the ability to decouple channel separation
from other receiver functions such as carrier recovery and data demodulation.

Results from a two-element prototype using manually tuned channel separation
hardware placed at the receiver IF frequency were presented. This work is the first
demonstration of line-of-sight spatial multiplexing at millimeter-wave frequencies.
The system achieved an aggregate system data rate of 1.2 Gb/s for both indoor
and outdoor links operating at 6 m and 41 m link ranges, respectively.

A four-element baseband channel separation hardware prototype was pre-
sented. This prototype used adaptive channel separation to achieve a 2.4 Gb/s
aggregate system data rate over a 5 m link range. This work demonstrated the
scalability of the proposed system architecture and is the first demonstration of

line-of-sight spatial multiplexing using adaptive baseband channel separation.

6.2 Future Work

The hardware prototype can be improved in several ways. Higher bandwidths
and a reduction in hardware cost can be achieved by using custom ICs rather

than the off-the-shelf components that were employed. Testing over link ranges
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on the order of 1 km is needed to verify that the system architecture is capable of
adapting to time varying atmospheric conditions. Prototypes using 4 x 4 arrays
are needed to verify the theoretical link performance presented in this dissertation.

The channel separation control loop can be sped up by using a faster digi-
tal interface. Further work is needed to optimize the control loop algorithm to
maximize channel separation network performance.

Dual polarization can be employed to further increase the system’s multiplex-
ing gain. DPSK can be replaced by coherent communication using larger alphabets
(e.g., 16-QAM), with carrier synchronization performed at baseband after channel
separation, using digital, or hybrid analog-digital, signal processing.

Recent advances in CMOS IC design indicate that a digital channel separation
network is feasible. A CMOS IC featuring four 20 GS/s ADCs and a DSP capable
of 12 trillion operations per second has been reported [1]. This IC was used to
demonstrate a 40 Gb/s coherent optical communication link. The IC is a custom
mixed-signal 20 million gate ASIC manufactured in 90 nm CMOS. The circuit
dissipates 21 W.

Based on this result, the analog circuit based channel separation network pre-
sented in this dissertation could be replaced with an IC that features eight on
chip ADCs and a DSP based channel separation network capable of > 20 trillion

operations per second, sufficient for separating 4 channels each carrying 10 Gb/s.
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This IC would consume approximately 40 W, a reasonable power consumption for
an outdoor link connected to the local power grid.

SiBeam has recently introduced transmit and receive modules operating at
4 Gb/s using a 60 GHz carrier [30]. The modules cost approximately $800 and
consume > 9 W and operate over a 10 m range [31]. The SiBeam system consumes
approximately 2 nJ /W. A 40 Gb/s link using mixed signal channel separation may
consume on the order of 1 nJ/W.

DSP based channel separation networks have several advantages over analog
circuit based implementations. Performance is less sensitive to integrated circuit
process variations. Analog circuit based channel separation ICs would require
careful attention to layout in order to minimize on chip cross channel interference.
Detailed circuit simulations are required to determine power and performance

tradeoffs between analog and mixed signal channel separation networks.
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