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Abstract—The rapid proliferation of data hungry devices is
creating a bandwidth crisis, with aggregate data rates expected
to increase 1000 fold between 2010 and 2020. Millimeter-wave
(mmW) systems operating in the 30-300 GHz band are poised to
meet this exploding demand through large bandwidths and highdimensional MIMO operation. However conventional MIMO
techniques result in prohibitively high complexity, and existing
phased array based mmW prototypes are only capable of
supporting a single beam. In this paper, we report new results on
a Continuous Aperture Phased (CAP) MIMO prototype system
that uses a lens array for analog multi-beamforming to achieve
near-optimal performance with a dramatically lower transceiver
complexity. We discuss the main components of the CAP-MIMO
prototype design and present initial experimental results on an
FPGA-based real-time implementation of a point-to-multipoint
multiuser link at 28 GHz. Directions for future research and
development are also briefly discussed.
Index Terms—millimeter-wave wireless, Gigabit wireless, highdimensional MIMO, massive MIMO, beamforming

I. I NTRODUCTION
Capacity demands on wireless networks are growing exponentially due to the proliferation of data-hungry devices. In
networks operating below 5 GHz small cells that leverage
increased spatial reuse of the spectrum [1] and multipleinput multiple-output (MIMO) technology for managing interference and increasing spectral efficiency [2], [3] are the
two main approaches to addressing this challenge. Emerging
millimeter wave (mmW) systems, operating from 30-300 GHz,
represent a complementary, synergistic opportunity due to
orders-of-magnitude larger available bandwidths and small
wavelengths that enable high-dimensional MIMO operation
[4]–[6]. The large number (n) of MIMO degrees of freedom
can be exploited for a number of critical capabilities including:
higher beamforming gain; higher spatial multiplexing gain;
and highly directional communication with narrow beams.
In mmW links the number of spatial communication modes
(beams) p is typically much smaller than the spatial signal space dimension n due to the expected sparsity of
the propagation environment in beamspace [7]. Conventional
MIMO systems based on digital beamforming suffer from
prohibitively high O(n) transceiver complexity. Phased array
based systems for analog beamforming have been proposed to
reduce complexity, but in practice such systems are limited to
a single beam; all recent phased array prototypes from leading
companies suffer from this limitation [8]–[11]. In contrast,
the Continuous Aperture Phased (CAP) MIMO transceiver
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architecture proposed in [4]–[6] uses a lens array for analog multi-beamforming to exploit the concept of beamspace
MIMO (B-MIMO) communication [12] and achieves the critical operational functionality of multi-beam steering and data
multiplexing (MBDM) with only O(p) transceiver complexity.
This paper builds on previous CAP-MIMO prototyping
efforts [13] at 10 GHz and reports on a state-of-the-art 28
GHz point-to-multipoint (P2MP) prototype that provides a
compelling demonstration of CAP-MIMO’s unique MBDM
capability at mmW. Section II reviews B-MIMO theory and
the CAP-MIMO architecture. Section III details the hardware
implementation of the novel CAP-MIMO beamforming architecture and the communication frame that enables dynamic
beam selection and tracking and orthogonal frequency division
multiplexing (OFDM) signaling for low-complexity multiuser
temporal and spatial equalization. Section IV presents initial
results based on a real-time implementation of the frame using
field programmable gate arrays (FPGAs). Concluding remarks
are provided in Sec. V.
II. B EAMSPACE MIMO T HEORY
A. Sampled MIMO System Representation
It is well-known that an antenna aperture can be equivalently
represented by its half-wavelength sampled version without
any loss of information [4], [14]. The number of samples, n,
represents the dimension of the 2D spatial signal space and
also determines the directivity or beamforming gain G:
4A
(1)
n = 2 , G = 10 log10 (πn)
λ
where A is the antenna area. The baseband uplink communication model between K single antenna mobile stations (MSs)
and an access point (AP) with an antenna of area A is
r(f ) = H(f )s(f ) + w(f ) , −W/2 ≤ f ≤ W/2 (2)
where r(f ) is the (vectorized) n-dimensional aperture domain
receive signal vector, H(f ) = [h1 (f ), . . . hK (f )] is the n× K
aperture domain channel matrix that represents the coupling
between the n-dimensional aperture domain signal at the AP
samples and the K MSs, s(f ) is the K-dimensional transmitted signal vector, w(f ) represents additive white Gaussian
noise (AWGN) with power spectral density No , and W is the
system bandwidth. OFDM signaling with symbol length M
(in 1/W spaced samples) results in a sampled representation
of the system with ∆f = W/M
r[m] = H[m]s[m] + w[m] , H[m] = [h1 [m], . . . , hK [m]]
m = − ⌊M/2⌋ , . . . , 0, . . . , ⌈M/2⌉ − 1
(3)

where r[m] = r(m∆f ) is the sampled signal, m is the OFDM
subcarrier index, s[m] is the transmit signal vector at the m-th
subcarrier, and w[m] ∼ CN (0, σ 2 I) with σ 2 = No W/M .
B. Beamspace MIMO System Representation
In B-MIMO theory the aperture domain system is equivalently represented in the beamspace domain and the two are
related through a spatial Fourier transform [4], [5], [12]. Let U
represent the n×n 2D DFT matrix whose columns represent n
orthogonal beam directions [4], [5]. The sampled beamspace
OFDM system representation is obtained from (3) via fixed
beamforming at the receiver rb [m] = UH r[m]:
rb [m] = Hb [m]s[m] + wb [m] , Hb [m] = UH H[m]
Hb [m] = [hb,1 [m], . . . , hb,K [m]]
(4)
where hb,k [m] is the beamspace channel vector for the kth MS. The critically ( λ2 ) sampled aperture domain and
beamspace domain representations are equivalent since U is
a unitary matrix: UH U = UUH = I. That is, (critically)
sampling the system in the aperture domain is equivalent
to (critically) sampling the system in beamspace. Critical
sampling in beamspace is related to the beamwidth which is
λ
for circular apertures with
approximately given by δφ = D
diameter D [4], [5].
In the CAP-MIMO prototype, illustrated in Fig. 1, the
unitary DFT matrix is realized with a lens array (a lens
antenna combined with a feed antenna array) that performs
fixed analog multi-beamforming [4]. The placement of the
feed antennas on the lens’s focal surface corresponds to critical
sampling in beamspace.

Fig. 1: Schematic of a CAP-MIMO transceiver showing the p RF
chains (blue), beam selector hardware, and lens array which performs
analog multi-beamforming.

C. Beam Selection
Due to the highly directional nature of propagation at mmW,
LoS propagation is expected to be the dominant mode, with
some additional sparse (single-bounce) multipath components
possible in urban environments [15]–[17]. This leads to the
key property of beamspace channel sparsity. In CAP-MIMO,
beamspace channel sparsity and lens array based analog beamforming are exploited to reduce transceiver complexity from
O(n) (DSP and RF) complexity to O(p) complexity through
beam selection; see Fig. 1. The beam sparsity mask for a given
channel is computed by selecting multiple beam indices that
maximize the power-based metric [18], [19]:

The link budget p (number of spatial I/Q channels) controls
how many beams we can select. In general p ∼ O(bK) is
needed to support K MSs, with b depending on how many
propagation paths there are for each MS. In LoS channels, b =
2 yields near-optimal performance [19]. The low-dimensional
B-MIMO system induced via beam selection is
r̃b [m] = H̃b [m]s[m] + w̃b [m]
(6)
where the tilde notation (˜· ) represents the p-dimensional
receive beamspace signal vectors, i.e. r̃b [m] = [rb,i [m]]i∈M
and H̃b [m] = [hb,ik [m]]i∈M,k=1,...,K .
In CAP-MIMO transceivers this low-dimensional system is
directly accessed via a lens array and mmW beam selector,
resulting in dramatically reduced O(p) complexity. Conventional digital beamforming transceivers, on the other hand,
can only access this low-dimensional system after sampling
the aperture domain signal with n spatial I/Q channels and
applying a p × n beamforming matrix in digital hardware,
resulting in prohibitive O(n) complexity.
D. Transceiver Design
Under the assumption that there is no inter-carrier interference (ICI), the minimum mean squared error (MMSE)
space-frequency receiver corresponds to individually applying
a K × p spatial MMSE receiver to r̃b [m] at each subcarrier:
−1

H
2
H̃
[m]
H̃
[m]
+
σ
I
.
(7)
FMMSE [m] = H̃H
[m]
b
n
b
b
In the prototype this requires p fast Fourier transforms (FFTs)
to transform the received signal into the frequency domain,
which is slightly too complex for the current FPGA (see
Sec. III-A). Thus the prototype uses a simplified transceiver
consisting of a frequency flat spatial filter applied in the time
domain followed by K scalar frequency domain equalizers
(FDEs) to reduce the number of FFTs from p to K.
This simplification is based on two key assumptions 1
First, that each element of H̃b [m] is frequency flat. This
is expected to be the case for sparse channels since each
dominant beam will capture approximately one propagation
path. Second, that each MS’s beamspace channel is separable
in space and frequency, i.e hb,k [m] = hb,k,o gk [m] where
gk [m] is the normalized scalar frequency response of the kth MS, with |gk [m]|2 = 1 from the first assumption. Using
these assumptions and applying the matrix inversion lemma,
the space-frequency MMSE receiver (7) can be written as [18]
−1

2
H̃H
(8)
FMMSE [m] = GH [m] H̃H
b,o
b,o H̃b,o + σ IK

(5)

= GH [m]FMMSE,o
(9)
where FMMSE,o is the K ×p frequency flat MMSE spatial filter
calculated from H̃b,o = [hb,1,o , . . . , hb,K,o ] and GH [m] =
∗
diag(g1∗ [m], . . . , gK
[m]) represents K scalar phase only FDEs
applied to the spatially filtered receive signals of the MSs. Note
that in practice non-idealities in the transceiver components
will introduce amplitude variations across frequency, even for
completely flat channels, so we replace the phase only FDE
determined by gk∗ [m] with a FDE determined by gk−1 [m].

where hb,ik [m] is the i-th element of hb,k [m] representing the
coupling between the k-th MS and the i-th orthogonal beam.

1 The applicability of these assumptions has been tested and shown to
hold in the indoor environments used for initial prototype testing via offline
processing of raw received data (see Sec. IV).

M = argmaxi

K
X

⌈M/2⌉−1

X

|hb,ik [m]|2

k=1 m=−⌊M/2⌋

III. P ROTOTYPE D ESIGN
This section discusses the design of the P2MP prototype
equipped with a CAP-MIMO transceiver at the AP used
to demonstrate the key MBDM functionality in a real-time
communication system operating at an industry relevant mmW
frequency of 28 GHz. Detailed block diagrams of the prototype CAP-MIMO AP and single antenna MSs are shown in
Fig. 2(a) and (b). The AP prototype supports p = 4 spatial
RF channels – two channels are shown in Fig. 2(a) – and
enables B-MIMO communication through a lens-based frontend and a beam selector. Two MSs were constructed for
the prototype. We note that while the block diagrams show
the AP and MSs equipped with transmit/receive chains for
bidirectional operation, for this initial stage of prototyping the
system is configured for unidirectional uplink communication
with p = 4 receive chains at the AP and a single transmit
chain at each MS.
A. Prototype Specifications and Components
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Fig. 2: (a) Block diagram of the CAP-MIMO based AP, (b) Block
diagram of the MSs, (c) Lens array diagram, (d) mmW beam selector
configuration, (e) Prototype AP hardware, (f) Full prototype system,
(g) Prototype lens array, (h) Prototype MS RF hardware

The basic specifications of the prototype system are as
follows:

•
•

•

Operational frequency: fc = 28 GHz, λ = 10.7 mm
Operational bandwidth: The mmW circuitry supports a
bandwidth of up to W = 1 GHz. The ADC/DACs operate
at a sample rate of 125 MHz (limited by the ADCs)
Number of AP spatial I/Q channels: The AP supports
p = 4 spatial I/Q channels.

The AP CAP-MIMO transceiver prototype consists of four
main components as illustrated in Fig. 2(a).
1. FPGA-based DSP back-end and ADCs: The DSP backend consists of a Terasic DE4 development and education
board equipped with an Altera Stratix IV FPGA. Two Texas
Instruments (TI) ADS6445 125 MHz quad 14-bit ADC evaluation modules are interfaced with the FPGA via High Speed
Mezzanine (HSMC) connectors to support the p = 4 spatial
I/Q channels at the AP. A TI CDCE62005 clock generator
evaluation module is used to supply the ADCs with the 125
MHz sampling clock. The DE4 also includes a PCIe interface
that enables data offload to a host computer.
2. mmW Receive Chains: The mmW circuitry (Fig. 2(e))
supports p = 4 receive chains for simultaneously receiving the
signal from the selected beams. Each receive chain consists of
an I/Q mixer, a bandpass filter (BPF), and a low noise amplifier
(LNA). Each chain consists of two (I/Q) sub-channels for
full complex modulation (e.g., QAM), and the 4 channels
are down-converted using a single local oscillator (LO), as
illustrated in Fig. 2(a).
3. Front-End Lens Array: The AP uses a circular lens with
diameter D=6” and focal length f=D=6” (Fig. 2(c) and (g)).
From (1) at 28 GHz this corresponds to a half-wavelength
spaced 2D array with n = 636 elements, antenna gain of
G ≈ 33dBi, and a beamwidth of about 4◦ . The feed antenna
array consists of 16 open ended WR-28 waveguides arranged
in a 4 × 4 grid centered at the lens’ broadside focal point as
shown in Fig. 2(c), covering an angular spread of about 16◦
in both azimuth and elevation.
4. mmW Beam Selector: As shown in Fig. 2(a), the mmW
beam selector multiplexes each of the p = 4 mmW receive
chains to a subset of feed antennas. In the prototype, the
selector is constructed with four mmW 1 → 4 switches. Each
switch is associated with a single receive chain connected to
a disjoint quadrant of 4 feed antennas as shown in Fig. 2(d).
The FPGA controls the setting of each switch via I/O pins
connected to external decoding and level shifting circuitry.
The single antenna MS prototypes consist of two main
components as illustrated in Fig. 2(b)
1. FPGA-based DSP back-end and DACs: As with the
AP, the DSP back end consists of a Terasic DE4. A HSMC
connector is used to interface with a TI DAC3484 quad 16-bit
DAC evaluation module configured to operate at a sampling
rate of 125 MHz. The same DSP back end is shared between
the two MSs. Long baseband cables are used to carry the I/Q
DAC signals for each MS to the transmit IQMs, allowing the
MSs to act independently (see Fig. 2(f)).
2. mmW Transmit Chain: each MS has a single transmit
chain consisting of a I/Q mixer, a BPF, and a power amplifier
(PA). Separate LOs are used for up conversion at each MS.
WR-28 waveguides are used as the MS antennas (Fig. 2(h)).

Fig. 3: Prototype communication frame diagram

B. Prototype real-time Communication Protocols
The frame in Fig. 3 is used for real-time communication in
the prototype and is divided into two subframe types which
in turn are divided into different types of signaling blocks.
Each frame consists of a beam selection subframe and MF R
data subframes, which in turn consist of control signaling and
MD Data blocks. These parameters (MF R , MD ) control how
frequently beam selection and channel estimation occur and
can be adjusted to account for the channel dynamics [19].
The signaling blocks in Fig. 3 are shown with their length
in samples. OFDM signaling is used during the Channel
Estimation and Data blocks. In both cases subcarriers with
frequency |m∆f | > 54.6875 MHz are unoccupied so that the
symbol energy only occupies the flat portion of the DAC pulse
spectrum. This ensures that sampling clock offset between the
MSs and the AP only manifests as a linear phase shift across
subcarriers that is removed by the FDE [20]. Additionally,
a cyclic prefix (CP) consisting of the last 32 time domain
samples of the symbol is appended to the beginning of the
block and a cyclic postfix (CPF) consisting of the first 16
samples of the time domain symbol is appended to the end
of the block. This prevents inter-block interference from the
DAC pulse tails and signal spreading due to multipath, as well
as ensuring that subcarrier orthogonality is preserved. Blocks
labeled 0 represent times when a MS is not transmitting.
The transmit signal and corresponding receive processing for
the other blocks are as follows. We note that except for the
Data blocks where both MSs transmit simultaneously with
MMSE interference suppression at the receiver, sequential
transmission is used where one MS is silent while the other
is transmitting to ensure that there is no interference.
1. Beam Selection (BS): The BS transmit signal consists of a
length MBS = 4096 constant power signal. After startup or the
end of a previous frame, the AP enters a power detection state
where the beam setting for all switches changes from 0-3 (see
Fig. 2(d)) every 512 samples with a power measurement taken
from the last 64 samples in a given setting. The remaining 448
samples are used to allow the switching circuitry to stabilize
after a change in setting. Once a power measurement exceeds
a threshold, the next 4 measurements are used to estimate the
16 × 1 channel power vector for MS1. The AP then waits for
2048 samples to ensure MS1’s BS block has been completed
and re-enters the power detection mode. The same process
repeats for MS2’s BS block, obtaining an estimate of its
channel power vector. The MS channel power vectors are then
added (see (5)), and the AP chooses the beam selection mask

by selecting the highest total power beam in each quadrant.
Additionally, the spatial I/Q channel with the most power for
each MS is recorded.
2. Frame Synchronization (FS): The k-th MS transmits
a length Mf s = 130 time domain correlation signal. This
signal is constructed by transmitting each element of a BPSK
sequence that differentially encodes a known length Mf s /2 −
1 = 64 pseudorandom BPSK sequence sf s,k [ℓ] twice.
At the AP, the receive signal on the spatial I/Q channel with
the most power for the k-th MS is routed to a differential
BPSK detector that operates on samples separated by two
sample periods. The previous MF S − 2 = 128 outputs of
the detector are stored at each sample period, and the even
elements are correlated with sf s,k [ℓ]. The correlator output is
compared to a threshold, and when the threshold is exceeded
a frame counter for the k-th MS is activated. This counter
increments every receive sample period and is used to provide
a timing reference that the AP uses to delineate the boundaries
of the CE and Data blocks for the k-th MS.
3. Channel Estimation (CE): The length MT,CE = 560 CE
transmit signal is constructed by repeating a length MCE = 64
(1.95 MHz subcarrier spacing) OFDM CE symbols sCE [m]
8 times with the CP/CPF appended to beginning and end of
the repeated sequence. This CE symbol is a constant modulus
chirp occupying the subcarriers −28 ≤ m ≤ 28 sCE [m] .
At the AP, after discarding the CP/CPF, the 8 repetitions of
CE symbol for the k-th MS are averaged to obtain the average
received CE symbol:
r̃b,k,CE [m] = h̃b,k [m]sCE [m] + wCE [m] .

(10)

The frequency flat spatial channel vector for the k-th MS is
then estimated as
28
1 X
ˆ
r̃b,k,CE [m]s∗CE [m] .
(11)
h̃
b,o,k =
57 m=−28
After h̃b,o,k has been estimated for both MSs, the frequencyflat spatial filter FMMSE,o can be calculated according to (9).
Then k-th row of FMMSE,o is be applied to r̃b,k,CE [m] to
obtain an estimate of the normalized frequency response for
the k-th MS gk [m] which is used to calculate the FDE.
Linear interpolation in the frequency domain is used to
extend the FDE to the larger block size, and corresponding
finer sampling in frequency, of the Data block.
4. Data: The Data blocks consist of MT = 1072 samples
corresponding to a length M = 1024 OFDM symbol (122.07
kHz subcarrier spacing) with the CP/CPF. The OFDM symbol corresponds to 896 frequency domain QAM information
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Fig. 4: (a) Raw receive samples at the AP on the strongest spatial
I/Q channel for MS1, (b) Received OFDM symbols without spatial
filtering or FDE, (c) Received OFDM symbols with spatial filtering
only, (d) Received OFDM symbols with spatial filtering and FDE

symbols. The information symbols occupy the subcarriers in
the ranges −448 ≤ m ≤ −1 and 1 ≤ m ≤ 448. During Data
blocks both MSs transmit simultaneously.
At the AP, the 4 receive time-domain sample streams are
passed through the frequency-flat spatial filter FMMSE,o to
generate a spatially filtered time-domain sample stream for
each MS. Then after discarding the CP/CPF and transforming
the signal into the frequency domain, the FDE is applied to
each OFDM symbol. The output of the FDE for the occupied
subcarriers is then sent to QAM detector to recover the
transmitted information symbols.
C. Digital Hardware Implementation
The receiver was implemented in the FPGA via Altera Quartus design software. The beam selection algorithm and hardware for controlling the mmW switches were implemented
directly in Verilog hardware description language (HDL). All
other receive processing was implemented using the DSP
Builder design tool to generate HDL code from algorithms
designed in the MathWorks Simulink environment [21]. A
PCIe interface was implemented in the FPGA to enable realtime offload of the processed data. The final implementation
of the receiver uses approximately 90 percent of the FPGA
hardware resources, with a significant fraction being allocated
to the K = 2 FFTs needed to transform the spatially filtered
received signals into the frequency domain. Thus for this initial
prototype using the simplified MMSE receiver (9), based on
the assumptions discussed in Sec. II-D, is critical to achieving
a realizable receiver.
IV. R ESULTS
In this section, we discuss initial results that demonstrate
the ability of the prototype to perform real-time MBDM in
an uplink P2MP setting. The prototype is set up as shown in
Fig. 2(f). Before real-time operation, the receive processing
algorithms were tested by using the AP FPGA to capture a
snapshot of raw receive samples corresponding to a simple
test frame. This snapshot was then used as input data to a

DSP Builder simulation of the receiver. An example of this
testing is shown in Fig. 4. Fig. 4(a) plots the absolute value
of the raw received signal for the strongest AP spatial I/Q
channel of MS1, showing the FS and CE blocks for both MSs
and a block of data. As can be seen from the FS and CE
blocks, there is significant interference from MS2 on MS1’s
dominant channel. Fig. 4(b) shows the frequency domain Data
block samples in I/Q format with no spatial processing or
FDE, clearly showing that the QAM signals intended for MS1
cannot be distinguished. After spatial filtering, as shown in
Fig. 4(c), it is clear that a significant amount of interference
has been removed. However, the QAM signals are still not
distinguishable due to phase rotation introduced by sampling
clock offset and amplitude variation across frequency. Only after the FDE is applied do the QAM signals become distinct, as
shown in Fig. 4(d), enabling the AP to detect the information
transmitted by the MSs.
After verifying the frame algorithms in DSP builder, the
AP FPGA is loaded with the real-time processing design
that includes beam selection, which corresponds to the full
frame shown in Fig. 3. The FPGA is connected via PCIe
to a computer running a program that displays the received
constellations after spatial filtering and equalization as well as
the the currently selected AP beams in each quadrant overlaid
on a diagram of the feed array (cf. Fig. 2(d)). Fig. 5 shows
several images taken during a test run of the prototype with
the real-time processing design (video of this test can be
found at http://dune.ece.wisc.edu/?page id=385). The received
constellations of MS1 and MS2 are shown on the left in
yellow and on the right in green respectively. The dominant
beam for each MS (reflecting its LoS location) is indicated
by the green/yellow indicator in the currently selected beam
display. Fig. 5(a)-(f) represent a sequence of images taken
during the test as MS1 is moved to demonstrate the dynamic
beam selection and tracking and real-time communication
capabilities of the prototype. Fig. 5(a) shows the starting
position of the MSs with MS1 located in the bottom left
corner of the prototype AP coverage area, which geometrically
maps to the top right beam of the 16-element feed array.
From Fig. 5(b)-(e) it is clear from the dominant selected
beam that MS1 is being tracked by the AP as it moves up
vertically, towards the center, and then back down. Meanwhile,
the dominant selected beam for MS2 remains the same as
it is stationary. Finally Fig. 5(f) demonstrates that when the
MSs cross, the AP does not lose tracking. Furthermore, as
the figures show, the AP is able to recover the transmitted
constellations from both MSs, even as they are moved about
the coverage area, demonstrating the full MBDM capability
of the prototype.
V. C ONCLUSIONS
In this paper we have presented initial results for 28 GHz
mmW prototype that demonstrates the ability of the CAPMIMO architecture to perform real-time P2MP communication with MBDM capabilities that are unavailable in other
mmW prototype systems. While these results are promising,
further development is still needed to achieve the full potential
of the CAP-MIMO transceiver prototype. Upgrades including
additional mmW circuitry for full bidirectional communication
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Fig. 5: CAP-MIMO prototype test run with various MS positions

with MBDM capability, more powerful FPGAs to allow for
more complicated signal processing algorithms, higher rate
ADCs/DACS for larger bandwidths, and refinements made to
the frame structure to improve reliability and add new capabilities will all be areas of future development. Furthermore, the
multi-beam CAP-MIMO prototype also enables unprecedented
multi-beam channel measurements that will be critical for the
development of mmW MIMO systems [22].
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