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Abstract—The rapid proliferation of data hungry devices is
creating a bandwidth crisis, with aggregate data rates expeted to
increase 1000 fold by 2020. Millimeter-wave (mm-wave) sysins,
operating in the 30-300GHz band, are poised to meet this ex-
ploding demand through large bandwidths and high-dimensioal
MIMO operation. However traditional MIMO techniques resul t
in prohibitively high-complexity transceivers. In this paper, we
report initial results on a Continuous Aperture Phase MIMO
(CAP-MIMO) prototype that uses a discrete lens array (DLA)
for analog spatial beamforming to reduce complexity. The CAe-
MIMO prototype is based on the theory of beamspace MIMO
communication — modulating data onto orthogonal spatial bams
—to achieve near-optimal performance with the lowest transeiver
complexity. We build on previous theoretical and experimetal
results to construct a prototype CAP-MIMO link at 10GHz
for line-of-sight communication and for initial proof-of- concept
demonstration. The prototype supports four spatial channés with
Gigabits/s data rates.

Index Terms—millimeter-wave wireless, Gigabit wireless, high-
dimensional MIMO, massive MIMO, beamforming

I. INTRODUCTION

Traditionally MIMO systems have relied on multipath prop-
agation [2], [3], [8], [9]. Due to the narrow beams at mm-
wave frequencies, MIMO advantages are possible even in
line-of-sight links for both point-to-point (P2P) and ptio-
multipoint (P2MP) operation. However, only a small subset
p < n of then dimensions make up the spatial communication
modes. Thes@ modes are the beams that couple from the
transmitter to the receivers.

Conventional MIMO designs require critically (half-
wavelength) spaced antenna arrays to optimally exploigehe
communication modes via digital beamforming. However,
with critical spacing, the number of antennas is on order of
n, which, given the short wavelength, can be in the hundreds
or thousands. This results in & (n) transceiver complexity.

This is the motivation behind the CAP-MIMO transceiver
architecture proposed in [5]-[7], based on beamspace MIMO
(B-MIMO) theory [9], for efficiently accessing thegespatial
communication modes with the lowest transceiver compjexit
By using a high resolution discrete lens array (DLA) for

Capacity demands on wireless networks are growing expghalog beamforming, the hybrid analog-digital CAP-MIMO

nentially due to the mass proliferation of data-hungry desi

transceiver accesses themodes with onlyO(p) transceiver

such as smart phones and tablets. There are numerous COnyBHsplexity.

nication and signal processing techniques being impleetent Thig paper builds on [6], [7], in which CAP-MIMO theory
to address the challenge. One technique uses small cgligjeveloped and [5], in which initial measurement results
to leverage spatial reuse as a way of increasing capaci reported on a DLA-based P2P link. Section Il reviews B-
[1]. Another is to use multiple-input multiple-output, M® MO theory and CAP-MIMO architecture. Section 11l out-
technology for managing interference and increasing sleciines the prototype specifications, construction, and etgue

efficiency [2], [3]. Emerging millimeter wave (mm-wave)performance. Section IV discusses new measurement results
technology, operating in the 30-300GHz band, is promisingh,q Section V contains concluding remarks.

in fulfilling the current and future demands on capacity [4].

By moving to mm-wave technology much larger bandwidths,
become available, in the Gigahertz (GHz) range, compargg

Notation: Lowercase boldfaced letters (e.ch) denote
mplex-valued column vectors, and uppercase boldfa¢ed le
s denote matrices (e.dd) and H¥ =(HT)* denotes the

to current systems which typically utilize tens of MHz Ofcomplex conjugate transpose ldf

bandwidth. Additionally, the small wavelengths createhhig

gain, narrow beams, and allow excellent use of the spatial

dimension: a given antenna sizel, and wavelength,\,
results in a spatial signal space of dimension= ‘f\—’;‘ [5]-

Il. BEAMSPACEMIMO THEORY
This section gives a brief overview of B-MIMO theory. For

simplicity, we discuss the theory for 1D systems equipped

[7]. MIMO transceivers can exploit this large spatial signgyii, |inear antennas—extention to 2D planar antennas, as in
space dimension for spatial multiplexing to increase spéctnq prototype, is straightforward [6].

efficiency and capacity.

Mm-waves have a highly directional nature, and therefofe Sampled MIMO System Representation
line-of-sight (LoS) plays a dominant role in propagation. consider a linear antenna of lengih If the aperture
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is sampled with critical spacing/ = 35, where ) is the

wavelength, there is no loss of information. Conventional



MIMO approaches require critically spaced arrays for of P
timal performance. The sampled points on the aperture ¢ ; .
equivalent to an-dimensional uniform linear array (ULA) of

antennas, where = | 22| is the maximum number of spatial
modes supported by the antenna/ULA and is proportionasto 2
antenna/beamforming gain [6], [7], [9], [10]. A MIMO system E—m
with ULAs at the transmitter and the receiver can be model &-1
as o TX_B1E0AM DIR%CT\ON}%EG)

r=Hx+w (1) @) (b)
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h is th d . h | . Fig. 1: (a) Contour plot oH, showing its nearly diagonal characteristic. (b)
where H is the ng x ny aperture domain channel matrixschematic of CAP-MIMO transceiver showing theRF chains (blue), beam

representing coupling between the transmitter and receigelector hardware, and DLA which performs analog beamfagmi

ULA elements,x is the np-dimensional transmitted signal

vector, r is the ngz-dimensional received signal vector, and

w ~ CN(0,1) is theng-dimensional vector of unit varianceand DLA-based analog beamforming are exploited to reduce

additive white Gaussian noise. transceiver complexity, fron®(n) (DSP and RF) complexity
_ to O(p) complexity; see Fig. 1(b). The prototype DLA is
B. Beamspace MIMO System Representation 40cmx 40cm and designed for a carrier frequency of 10GHz,

The B-MIMO system representation is obtained from (1yhich results inn = 26 (1D). Thenny = ngr = 26 x26 = 676
via fixed beamforming at the transmitter and the receivégD), but the number of coupling channelspis= 2 for a 1D
Each column of the beamforming matriXJ,,, is an array array, andp =4 for a 2D array [35].
steering/response vector at a specified angle [6], [7]AH8f.a  This lower-dimensional beamspace MIMO system can be
critically spaced ULA, a plane wave in the direction of angléepresented as
¢ corresponds to a spatial frequen@y= 0.5sin(¢), and the = HyXp + Wy 4)

corresponding array steering/response (column) vectbtin ) ) _ _
are given by [9] where the tilde notation *() represents thep-dimensional

transmit and receive beamspace signal vectors Hinis the
, U, = b (A (AGoi)]icz(ny (A P XD channel sub-matrix, corresponding to théeams that
vn couple from the transmitter to the receiver.
whereZ(n) = {i—(n—1)/2:4i=0,--- ,n—1} is a symmetric )
set of indices. The columns &F,, correspond ta: fixed spatial C- MMSE Transceiver
frequencies/angles with uniform spacimgf, = <, which The SVD transceiver is the optimal communication archi-
representr orthogonal beamswith beamwidthAd,. These tecture [3], [6], [12]. The singular vectors dfl, are used
beams cover the entire spatial horizoan(/2 < ¢ < 7/2) at the transmitter and receiver to createnon-interfering
and form a basis for the-dimensional spatial signal [9]. In parallel channels. Waterfilling is used for optimal power
fact, U,, is a unitary discrete Fourier transform (DFT) matrixallocation across the different spatial channels to aehiev
UfU, = U, U =1. The beamspace system representati@apacity. However, the SVD transceiver requires chanagé st
is obtained from (1) as information (CSI) at both the receiver and transmitter, mak
it impractical in many situations. The minimum mean squared
o =Hyx, +wy, , Hy = U} HU,, ®)  error (MMSE) transceiver transmits independent data stsea
wherex, = UX x, r, = UZ r, andw;, = UZ w are the of_equal power on different beam#][x,x] = pI, Whe_re
transmitted, received, and noise signal vectors in beagaspa’ IS the SNR per stream, and uses the MMSE estimator
SinceU,,, andU,,,, are unitary DFT matricesH, is a 2D at the receiver to suppress interference between different
DFT of H and thus a completely equivalent representation fta streams [12]. Unlike the SVD transceiver, the MMSE
H [6], [7], [9]. transceiver only requires CSI at the receiver and is simpler
The H,, matrix for our prototype with two dominant eigen-implement. The MMSE receiver filter is given by [12]
values is shown in Fig. 1(a). In the CAP-MIMO prototype, ~ . L=
illustrated in Fig. 1(b), we realize these unitary DFT nes Fumse = arg;mnE (7%, — %1%] (5)
with DLAs that perform fixed analog beamforming. Due to H s -1
the highly directional nature of propagation at mm-wave, Fumse = Hy (PHbe +I) : (6)
LoS propagation is expected to be the dominant mode, wi i . .
some additional sparse (single-bounce) multipath compisne%]]e MMSE filtered signal is
possible in urban environments [4], [11], [_12]. This leagl$ite 7y — Fff‘b — Gy + Fffvb )
key property obbeamspace channel sparsitye.p < n beams
couple between the transmitter and the receiver and capttrem which different symbol streams can be decoded, and
the communication characteristics of the channel. Spars, = F}/H,.

an () = [e77*"] i€Z(n)



Ill. PROTOTYPEDESIGN
A. Prototype Specifications

Our initial prototype has a carrier frequengy= 10 GHz.
The DLA is 40 cnmx 40 cm which results in a spatial dimensio
n = 26 x 26 = 676. The dimension of the dominant
communication subspace for a line-of-sight setup is 4 [5].
The link length between the two DLAS iB = 2.67 m; see
Fig. 2(a). The digital-to-analog converters (DACs) andlaga
to-digital converters (ADCs) have a symbol/sample rate C.
125 MS/s, resulting in a two-sided bandwidth = 125MHz. (@)

The DACs use a raised cosine pulse with a roll-off factor of
0.2 and have a maximum output power of 8.5 dBm. All the @
RF components have a two-sided bandwidth of at least 1GH

Z.
B. Prototype Construction FPGAIII DAC [:] IaM |»| BPF |»| PA H WG |»| DLA }_‘

The components of the prototype are configured as in [ﬁ
Fig. 2(b). For the sake of illustration, only one RF chai [ ~hannet |
is shown, but the FPGAs and oscillators (LO) support
to four RF chains (IQM to WG). The digital inputs and" DLA |"| WG |"| LNA |"| BPF |"| IQM l:]ADC l:IFPGAl

outputs of the DAC and ADC are connected to the FPGA
boards by High Speed Mezzanine Card (HSMC) connectors @

and the analog inputs and outputs are connected to the RF

components by SMA coaxial cable connectors. The 1Q Mixer (b)

(IQM) has two mixers and modulates/demodulates | (in-phasgy. 2: (a) A picture of the prototype DLA-based lin. (b) Blodiagram of
and Q (quadrature-phase) channels. The bandpass filtelF§ (Béfe RF chain of the prototype.

have a passband from 9.5 to 10.5 GHz. The power amplifiers

(PA) and low-noise amplifiers (LNA) have gains of 15 dB c Trart‘sm'tteer o Recte'vere B
and 25 dB, respectively. The feed antennas for the DLAs are omponen ain (dB) Component _Gain (dB)
straight sections of WR90 wave guide (WG) and are connected QM s DLA Gain  +29.4
. : BPF -0.25 WG-DLA  -6.58
to the amplifiers by a wave-guide-to-SMA adapter. The wave
) : : PA +15 25-ft Cable  -10.5
guide antennas broadcast a signal which couples to the DLA.
. 5-ft cable -2.5 LNA +24.0
Currently the FPGAs are only configured to send and save
o WG-DLA [5] -6.58 BPF -0.54
data. No processing is done on the FPGAs. We save the data .
14 o L DLA Gain +29.4 IQM 7.5
(up to 2** = 16384 samples, which is the limit of the on- Channel 61

chip memory of the FPGA) and offload it onto a PC to do

post processing in MATLAB Net System Loss from DAC to ADC: -5.39 dB

TABLE I: The gains and losses of each component in the prp&otirom
C. Expected Performance the DAC output to the ADC input. WG-DLA denotes the power ldse to

Our prototype has an expected per-channel SN dB. gcr)]ltg)rl]irr:g g:it:]/\./een the feed antenna and DLA. DLA gain dendtesaperture
To avoid compression distortion in the 1Q Mixers, the DAC

analog output is limited ta2.55 dBm of power. The net total noise power of-66.1 dBm. With this noise power we
system loss, measured from DAC output to ADC input, iget an SNR oR.55 — 5.39 — (—66.1) = 63.3 dB.

—5.39 dB. A list of the gains and losses of each component
in the prototype is given in Table I. The signal power at
the ADC input is—2.84 dBm, that factors in the net system All measurements were made in a synchronized system: the
loss of —5.39 dB. There are two primary sources of noiséransmitter and receiver RF hardware was driven by the same
in the system: thermal noise and ADC noise. Thermal noisscillator and the DACs and ADCs shared a reference clock
is calculated byPy = 2kTW = —81 dBm, wherek is for timing synchronization. The data transmitted was ranigo
Boltzmann’s constant]’ = 300K, W = 1GHz, and the 2 generated QPSK symbols. Unless otherwise specified, data is
accounts for noise power in both the | and Q channels. Thent at 125 MS/s.

ADC data sheet lists the noise power as 72.7 dB below the

full-scale input power. In our ADC configuration the fulle A Single Channel System

input power is 3.5 dBm, giving a noise power 6£9.2 dBm We start by presenting results for a single transmit and
per channel (we double to account for noise in the | and @ceive chain (as in Figure 2(b)). We present signal capture
channels) resulting in ADC noise 6f66.2 dBm. If we add at three points in the system: the baseband analog | and
the thermal noise power and the ADC noise power we getQachannel output of the DACs (Figures 3(a) and 3(b)); the

IV. EXPERIMENTAL RESULTS
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Fig. 3: Signal trace through prototype system. (a) DAC Irotel baseband output. (b) DAC Q-channel baseband outguRa&sband output of the power
amplifier. (d) Passband input to the low-noise amplifier at ribceiver.

passband output of the PA (Figure 3(c)); and at the passbddA. In Fig. 5(a), we show the raw received signal of one
input of the LNA (Figure 3(d)). The captures follow the samehannel at full rate. Both ISI and inter-channel interferen
symbols through the system and were made by an Agilgih€l) are present. In order to highlight the ICI we added guar
DSAX93204A Oscilloscope, with 80 GS/s sampling rate andtervals of 32 symbol lengths between transmitted symbols
33 GHz of analog bandwidth. to reduce ISI; see Figure 5(b). By applying the MMSE filter
The recorded signals shown in Figure 4(a) are for an entaé the receiver to the full-rate signal we are able to remove
block of 16384 (2'4) normalized, received QPSK symbolsthe ICI, as shown in Fig. 5(c); all four symbols are clearly
The spread of the received signals is very large compareddistinguishable and there are no errors. ICI is removed laad t
what we expect from the SNR estimation in Section III.C; theemaining ISI is comparable to the ISI in Fig. 4(a). Fig. 5(d)
majority of this “noise” is due to inter-symbol interferanc shows the MMSE filtered data for the guard interval data in
(IS). To support this claim we captured data with guarfiig. 5(b).
intervals of 255 symbols between symbols, shown in Figure The measured channel mati%;, the MMSE filter matrix
4(b). By calculating the variance of the spread of each vecei F, and the composite channel matf, matrix from (7) are:
symbol we get a noise power65 dBm, which is only 1 dB - . .
above what we expected. The IS is due to a non-flat overall G, = F/'H, = 0 01(5(1)%1'?670 Ologgi - 56825 ]
frequency response, shown in Figure 4(c). The DACs and L B : oo
ADCs are AC coupled, having a transformer network between FH — 1.19£28.5° 0.37L — 21-50]
the output pins on the chips and the SMA connectors that | 0.47/5.4°  1.05/ —104°
[0.93/ —19.7° 0.34/ —121°
| 0.41/—90°  1.10/108° }

blocks low frequencies, roughly anything und250 kHz.
This low-frequency blocking can be seen in Figure 4(c). To
show how significant the AC coupling is we removed the RF o
hardware and connected the SMA outputs of the DAC to tAde€ eigenvalues oG]’ G, are1.08 and1.18 indicating there
SMA inputs of the ADC, shown in Figure 4(d). The spread diré two dominant channels. The eigenvaluesttjf H, are
received signals is still large, indicating ISI is mainlyedto 0.49 and1.88.

the AC coupling in the DACs and ADCs, with the remaining
interference due to RF part of the system.

H, =

V. DiIscussiON ANDCONCLUSIONS

There are several non-idealities in the prototype thatrdese
B. 2 x2 MIMO System special attention moving forward on refinement of the curren
After verifying single channel operation we configured arototype as well as next generation prototypes. First és th
2 x 2 MIMO system with two transmit and two receive QPSksignificant ISI issue shown in Section IV. The AC coupling in
channels. Our aim is to demonstrate the spatial multiptexithe DACs and ADCs appears to be the primary cause of the ISI
capabilities of CAP-MIMO and the analog beamforming of than our system; the attenuation of frequencies below 250 kHz.
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Fig. 4: (a) Received symbol constellation showiry384 QPSK symbols going through entire system at full rate, shgws! due to baseband and passband
components. (b) Received symbol constellation going thinoentire system with guard intervals between transmitigdbsls to eliminate ISI. (c) System
frequency response, measured from DAC IC output pin to ADQ@n[iit pin showing the low-frequency distortion due to AC pling. (d) Received symbol
constellation when DAC is directly connected to ADC, shaythat ISI is mainly due to AC coupling between DACs and ADCs.
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Fig. 5: (a) Full-rate receive signal of one channeRir 2 MIMO system showing both ISI and ICI. (b) Receive signal oeamannel ir2 x 2 MIMO system
with a guard interval of 32 symbols, highlighting ICI. (c) MBE filtered full-rate signal of (a). (d) MMSE filtered guardsrval signal of (b).
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