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Abstract—Millimeter-wave (mmW) wireless is as a promising
technology for meeting the Gigabit rate and low latency requirements of emerging fixed and mobile 5G applications. This is
enabled by the large (GHz) bandwidths and high-gain beamforming due to high-dimensional antenna arrays possible at mmW
frequencies. Initial propagation measurements underscore the
highly directional nature of mmW communication, dominated by
line-of-sight and single-bounce multipath, making beamforming
a critical operational functionality. However, existing channel
measurements are limited to mechanically pointed horn antennas
and single-beam phased arrays of moderate sizes. On the other
hand, multi-beam operation is necessary for spatial multiplexing.
In this paper, we introduce a new measurement methodology and
initial results based on beamspace MIMO channel modeling and
communication. The measurement results are based on a novel
beamspace MIMO prototype system that uses a lens array for
analog beamforming and enables, for the first time, simultaneous
multi-beam channel measurements with a beamwidth of about 4o
equivalent to that of a two-dimensional array with 636 critically
spaced elements. Initial indoor channel measurements follow Friis
formula for pathloss, and illustrate the new beamspace channel
measurement and modeling methodology.
Index Terms—Millimeter-wave, channel measurements, channel modeling, beamforming, MIMO

I. I NTRODUCTION
Emerging millimeter wave (mmW) systems, operating in
the 30-300GHz band, represent a promising opportunity for
meeting the growing wireless data rate requirements due to
orders-of-magnitude larger available bandwidths and small
wavelengths that enable high-dimensional MIMO (multiple
input multiple output) operation. The large number of MIMO
degrees of freedom can be exploited for a number of critical capabilities including: higher antenna/beamforming gain;
higher spatial multiplexing gain; and highly directional communication with narrow beams. While the multiplexing gain
of conventional MIMO systems has relied on rich multipath
propagation [1], [2], the narrow beams at mmW enable spatial
multiplexing primarily through multiuser point-to-multipoint
(P2MP) operation via line-of-sight (LoS) and single-bounce
multipath propagation [3]. Thus, beamforming plays a key
role in mmW wireless and beamspace channel modeling and
system design is naturally applicable [4], [5].
There has been significant recent work on mmW channel modeling and measurements at frequencies ranging from
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28GHz to 73GHz; see, e.g. [6]–[9]. However, there works are
limited to measurements based on mechanically oriented horn
antennas or single-beam phased arrays. While these works
provide a wealth of useful information, it is widely recognized
that more work is needed to develop more complete channel
models at mmW frequencies. In particular, there is need for
simultaneous multi-beam channel measurements since exploiting the spatial multiplexing gain necessarily requires multibeam system operation.
In this paper, we report initial channel measurement results
using a state-of-the-art multi-beam MIMO transceiver architecture, called CAP-MIMO, proposed by our group [4], [5]. A
CAP-MIMO transceiver shown in Fig. 1(a) performs analog
mmW multi-beamforming using a lens antenna array shown
in Fig. 1(b) and offers a new methodology for beamspace
MIMO channel measurements. We have recently completed
the construction of a 28GHz CAP-MIMO prototype capable of
simultaneously measuring four spatial channels through four
electronically selectable beams. This paper reports the first set
of channel measurements from this prototype.
Sec. II provides a description of the 28GHz CAP-MIMO
prototype. A brief relevant review of beamspace MIMO theory
is presented in Sec. III, followed by a beamspace system
model for channel measurements in Sec. IV. Sec. V presents
the initial channel measurement results from the CAP-MIMO
prototype. Finally, a discussion of the results and concluding
remarks are provided in Sec. VI.
II. P ROTOTYPE S YSTEM D ESCRIPTION
The 28GHz prototype system consists of a CAP-MIMO
access point (AP) communicating with up to 2 single-antenna
mobile stations (MSs) as shown in Fig. 1(c). The CAPMIMO transceiver at the AP uses a 6” circular lens with a
16-feed square (4×4) array of antennas on its focal surface
representing Nb = 16 distinct beams; see Fig. 1(b). The CAPMIMO AP can simultaneous measure p = 4 signals from
the 16-feed array through p = 4 receive mmW chains, as
shown in Fig. 1(a). The feed antennas at the AP and the MS
antenna are open-ended WR-15 waveguides. The system has
an RF bandwidth of 1GHz and a communication bandwidth
of W = 125MHz.
The MS’s serve as transmitters. Each MS is equipped with a
single mmW transmit chain consisting of a highly stable local
oscillator (LO), an I/Q mixer (IQM), a power amplifier with
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equivalent to a half-wavelength spaced 2D array with 636
elements.
In beamspace MIMO theory the antenna domain system is
equivalently represented in the beamspace domain and the two
are related through a spatial Fourier transform [2], [4], [5]. The
(crtically sampled) beamspace domain is related to the aperture
domain through a 2D Discrete Fourier Transform (DFT). Let
U represent the n×n 2D DFT matrix whose columns represent
n orthogonal beam directions [4], [5]. Let x(f ) denote the
(vectorized) n-dimensional aperture domain sampled signal
vector in the frequency domain. The corresponding beamspace
signal representation is given by
xb (f ) = U H x(f ) ⇐⇒ x(f ) = U xb (f ) .

(c)
Fig. 1. (a) A CAP-MIMO transceiver. (b) A 16-feed lens array used in the
prototype. (b) A 28GHz CAP-MIMO prototype P2MP link.

16dB gain, and a bandpass filter. It can support an arbitrary
digital symbol stream at a rate of 125MS/s via an Altera DE4
FPGA board and a 16-bit DAC with up to 8x oversampling
for pulse shaping.
At the CAP-MIMO AP receiver, four beams can be simultaneously measured, one in each quadrant of 4 feeds; see
Fig. 1(b). Each measurement chain can be switched to one of
the beams in each quadrant using a 1-to-4 switch, and consists
of a bandpass filter, a low-noise amplifier with 23dB gain, and
an IQM followed by a 14-bit ADC operating at 125MS/s.
All IQMs are driven by the same LO at the AP receiver.
The four sampled received signals are fed to an Altera DE4
FPGA board for data collection. One FPGA supports both
MS transmitters, and a second FPGA is associated with the
AP receiver. Both FPGAs are connected to their own host PCs
for running MATLAB scripts that are used for configuring the
transmission frame for the MSs, measurements at the CAPMIMO AP, and data extraction from the AP FPGA.
The raw sampled data from the 16 beams at the AP is
processed offline to extract channel measurements. In this
paper, we report measurements using a single MS. For each
MS location, all 16 feed locations at the AP are measured
in four sets of measurements, each set corresponding to a
particular setting of switches for measuring the 4 feeds in
each quadrant.
III. B EAMSPACE MIMO T HEORY
It is well-known that an antenna aperture can be equivalently
represented by its half-wavelength sampled version without
any loss of information [5], [10]. The number of samples, n,
represents the dimension of the 2D spatial signal space and
also determines the directivity or beamforming gain:
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where the numerical values are for the prototype with lens
diameter Dlens = 6”. Thus, the prototype lens aperture is
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(2)

The critically-sampled aperture domain and beamspace domain representations are equivalent since U is a unitary
matrix: U H U = U U H = I. In other words, (critically)
sampling the system in the aperture domain is equivalent to
(critically) sampling the system in beamspace domain. Critical
sampling in beamspace is related to the angular beamwidth
which is approximately given by [4], [5]
δφ =

λ
Dlens

(radians)

(3)

and is about 4o for the 6” lens in the prototype.
In the CAP-MIMO architecture, the front-end lens array
computes an approximate 2D Fourier transform of the aperture
domain signal, and the elements of the beamspace signal
vector xb (f ) are approximated by appropriately sampling the
focal surface of the lens [4], [5]. The current CAP-MIMO
prototype samples the focal surface with a 4×4 16-element
array centered on broadside, see Fig. 1(b), spanning an angular
spread of about ∆φ = 16o in both elevation and azimuth. A
larger angular spread can be sampled by either moving the
16-element array along the focal surface or by using a larger
feed array.
IV. S YSTEM M ODEL FOR C HANNEL M EASUREMENTS
Orthogonal Frequency Division Multiplexing (OFDM)
modulation corresponding to N = 64 tones is used for
channel measurements. A constant modulus chirp signal in
the frequency domain, known both at the MS and the AP, is
used for probing the channel. At the receiver (AP), the known
probing signal is used for time-frequency offset correction
between the MS and the AP as well as for channel estimation.
For each MS location, Nm = 100 measurements are made for
all of the Nb = 16 beamspace feeds of the AP. The sampling
interval and the OFDM symbol duration are
1
= 8ns and Tof dm = N Ts = 0.512µs .
W
The baseband system equation in beam-frequency is
Ts =

r b (f ) = hb (f )x(f ) + wb (f ) , −W/2 ≤ f ≤ W/2

(4)

(5)

where r(f ) is the Nb × 1 vector of received frequency domain
measurements for the Nb = 16 beamspace feeds, hb (f ) is the
Nb × 1 vector of beamspace frequency responses from the

MS to each of the AP feeds, x(f ) is the transmitted signal
from the MS, and w(f ) is the Nb × 1 vector of measurement
noise with power spectral density No . The noise in different
feeds/beams is assumed to be independent. The OFDM-based
probing of the channel results in a sampled representation of
the system equation in (5) with ∆f = W/N = 1.95MHz:
N
N
, · · · , 0, · · · , −1 (6)
2
2
where r b [k] = r b (k∆f ) is the sampled version of the
received frequency-domain signal, and hb [k], x[k], and wb [k]
are defined similarly.
r b [k] = hb [k]x[k]+wb [k] , k = −

V. C HANNEL M EASUREMENTS AND I NITIAL R ESULTS
Indoor measurements were collected at 7 MS locations in
straight line, spaced by 1m, and starting at a distance of 1m
between the AP and the MS. The MS served as the transmitter,
and for each MS position Nm = 100 measurements, r `b [k],
` = 1, · · · , Nm , of the received signal vector r b [k] were
taken. These measurements were then processed in MATLAB
to extract Nm = 100 beam-frequency response vectors h`b [k],
which were then averaged to yield a 16 × 1 average beamfrequency response vector for each MS location:
Nm

T
1 X
h`b [k] = h̄b,1 [k], · · · , h̄b,16 [k]
Nm

h̄b [k] =

We present two sets of results: i) path loss measurements,
and ii) PSD/PDP measurements for the 16 beams for different
locations of the MS. Fig. 2(a) plots the measured and theoretical pathloss as predicted by Friss formula:

2
λ
PL(R) =
4πR
where R is the distance between the AP and MS. The
measured value of received power at R = 1 is calibrated to
PL(1) = −61dB:
PLmeas (R) =

Pave (R)
PL(1) , R = 1, 2, · · · , 7
Pave (1)

where PLmeas (R) denotes the measured path loss, and
Pave (R) denotes the average measured total power at a
distance R between the AP and the MS, estimated using (12).
As evident from Fig. 2(a) the power measurements closely
follow the Friis formula.

(7)

`=1

where h̄b,i [k] = h̄b,i (k∆f ) represents the k-th sample of the
average frequency response for the i-th beam. Through an
N -point FFT operation, the corresponding average channel
impulse response vectors are obtained as
T

ḡ b [n] = [ḡb,1 (n), · · · , ḡb,16 [n]]

, n = 0, · · · , N − 1

(8)

where ḡb,i [n] = ḡb,i (nTs ) is the sampled version of the
averaged impulse response for the i-th beam/channel.
For each MS location, the average power spectral density
(PSD) and the average path delay profile (PDP) for the i-th
beam are calculated as
PSDi [k] = |h̄b,i [k]|2 , PDPi [n] = |ḡb,i [n]|2

(9)

and are related through an N -point FFT, and represent the
distribution of channel power in beam-frequency or beamdelay, respectively. For each MS location, the aggregate PSD
and the aggregate PDP (over all beams) are given by
PSD[k] =

Nb
X

PSDi [k] , PDP[n] =

i=1

Nb
X

PDPi [n] .

(10)

i=1

Similarly, the average channel power in the i-th beam (spatial
power density/profile) is given by
N/2−1

Pave,i =

X

PSDi [k] =

k=−N/2

N
−1
X

PDPi [n]

(11)

n=0

and the total average channel power is given by
Pave =

Nb
X
i=1

Pave,i =

X
i,k

PSDi [k] =

X
i,n

PDPi [n] .

(12)

Fig. 2. (a) Measured versus theoretical path loss. (b) Beamwidth as a function
of distance from AP.

We next plot the PSDi [k] and the PDPi [n], defined in (9),
for the Nb = 16 beams, as well as the aggregate PSD and the
aggregate PDP over the sixteen beams, defined in (10), for
two different MS locations. Fig. 2(b) plots the beamdwidth
(or beam footprint) in inches as a function of R calculated as
δx(R) ≈ Rδφ =

Rλ
(inches)
Dlens

(13)

where δφ is defined in (3). Fig. 3 plots the PSDi [k] and
PDPi [n] for all 16 beams for the MS located at R = 2m.
The 16 plots correspond to the physical location of the 16
feed antennas for the 16 beams. The 16 beams are indexed
1, · · · , 16 in a row-wise fashion (1st row: 1, 2, 3, 4; 2nd row:
5, 6, 7, 8, and so on). The x-axis corresponds to frequency in
MHz for the PSDs, and distance in meters for the PDPs, where
the distance is calculated for the n-th PDP sample as
distance(n) = Ts nc = 2.4n , n = 0, · · · , N − 1

(14)

where c represents the speed of light, Ts is the sampling
interval defined in (4), and the n = 0 PDP sample represents
the (dominant) LoS component. The four strongest beams in
descending order of power are: 11(red), 7(purple), 10(green),
4(cyan). Fig. 4 plots the PSDi [k] and PDPi [n] for the four
strongest beams. Fig. 5 plots the aggregate PSD and PDP over
all the beams.
Fig. 6 plots PSDi [k] and PDPi [n] for all 16 beams for
the MS located at R =5m. The four strongest beams are:

(a)
Fig. 5.

(b)

Aggregate over all 16 beams for R=2m: (a) PSD, (b) PDP.

(a)

(a)
(b)
Fig. 3. PSDs and PDPs for the 16 beams for the R=2m measurements: (a)
PSDi [k], (b) PDPi [n].

(b)
Fig. 6. PSDs and PDPs for the 16 beams for R=5m measurements: PSDi [k],
(b) PDPi [n].

(a)
Fig. 4.

(b)

The four strongest at R=2m: (a) PSDi [k], (b) PDPi [n].

11(red), 7(purple), 10(green), 5(cyan). Fig. 7 plots PSDi [k]
and PDPi [n] for the four strongest beams, and Fig. 8 plots
the aggregate PSD and the aggregate PDP over all the beams.

VI. D ISCUSSION AND C ONCLUSIONS
As evident from Figs. 3 and 6, the two strongest beams
correspond to feeds 7 and 11 near the center as expected.
Though not shown here, if the MS is moved within the coverage area spanned by the 16 beams, the strongest beams shift as
a function of location. Furthermore, it is evident that LoS is the
dominant mode of propagation as expected; the n = 0 sample
for the PDP is the strongest one. However, from Figs. 5(b) and
8(b), we also note a second dominant multipath reflection at
distance of about 16m; we think that it corresponds to multibounce reflections from a metal cabinet behind the AP and
metal frame of the door, which are separated by about 8m.
The second multipath reflection bounces off the metal cabinet
and then off the metal door frame before reaching the AP.
In this paper we have outlined a new methodology for mmW

in conventional phased array systems with half-wavelengthspaced arrays. For example, the spatial resolution of the lens
array in the reported CAP-MIMO prototype is comparable to
a conventional 2D array with over 600 half-wavelength-spaced
elements! Second, simultaneous multi-beam measurements
enable new measurement capabilities that are not possible
with existing single-beam systems. For example, higher-order
statistical channel measurements. The reported prototype with
p = 4 simultaneous measurement chains can be used for
estimating channel statistics up to fourth order; in particular,
second-order correlation measurements.
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Aggregate over all beams for R=5m: (a) PSD, (b) PDP.
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