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Overcome Validation-Test
Challenges 1o Reap 5G
mmWave's Benefits

5G mmWave physical-layer changes have sparked significant RF hardware design
and antenna changes. Let’s explore some of the test challenges and considerations
associated with operation at mmWave frequencies.

ere living in an era inundated with smart

devices and their need for data and

seamless connectivity. This influx will

only intensify with the arrival and adop-
tion of 5G.

Unlike previous generations of cellular technologies, which
primarily focused on mobile communication, 5G is designed
to offer more ubiquitous support for heterogeneous devic-
es used in several industry verticals. 5G comes with a lofty
promise of theoretical data rates as high as 10 Gb/s, latency
lower than 1 ms, and massive connection density of nearly 1
million/connections/km?.

5@ is truly optimized to support not just data-hungry use
cases like video streaming over smartphones, tablets, and cus-
tomer-premises equipment (CPEs), but also latency-sensitive
use cases such as remote healthcare and automotive connec-
tivity as well as dense communication between indoor and
outdoor IoT devices. But how does 5G deliver such enhanced
capabilities?

5G brought about several transformations in the air inter-
face to deliver high performance with improved efficiency,
one of which is the addition of new spectrum. It’s supported
in both the sub-6-GHz frequency range 1
(FR1) spanning from 410 MHz to 7.125
GHz, and the mmWave frequency range
2 (FR2) spanning over mmWave fre-
quencies from 24.25 to 52.6 GHz. Adding
these higher frequencies not only enables
more continuous spectrum, translating
into higher bandwidths (100 MHz/400
MHz) and data rates, but allows for a

5G Operation Over mmWave

With support for enhanced mobile broadband (eMBB) ap-
plications, 5G can operate over mmWave frequency bands.
Though these frequencies offer wider channel bandwidths,
dramatically improving throughput, theyre exceptionally
prone to path loss due to smaller wavelengths, causing reduc-
tion in power density and distance of propagation. As a result,
the communication in the FR2 range requires devices to oper-
ate in a lower signal-to-noise ratio (SNR) environment, mak-
ing it sensitive to RF impairments.

To compensate for this loss, 5G New Radio (NR) employs
beamforming, which uses multiple phased-array antenna
modules to maximize and steer radio energy in a specific
direction (Fig. 1). This is achieved by independently feeding
each of the elements in the array with a signal that’s adjusted
for phase and amplitude. As a result, there’s a constructive
addition only in the desired direction and null in other di-
rections. This improves the SNR and increases the chances of
signal reception at high frequencies.

For a certain gain, the size of the antenna aperture is in-
versely proportional to the frequency. This necessitates that
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kHz), facilitating a scalable deployment.

1. Shown is a graphical representation of beamforming using mmWave antenna modules.
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2. It’s imperative to characterize and verify the performance of the integrated RFFE, also referred to as the mmWave antenna module.

many of these elements be integrated in a physical antenna
module to maintain a certain output power and capture ca-
pability.

Integrated RFFE

Though the beamforming technique may sound simple, it
drives significant changes in the radio-frequency front end
(RFFE) and antenna design.

A RFFE contains active electronic circuitry that’s respon-
sible for converting the information from the baseband to
radio signals. The information for each band is processed by
several elements in the RF chain (power amplifiers, low-noise
amplifiers, filters, tuners, and so on) and fed at the appropriate
power level to the right antenna. For devices designed to oper-
ate at lower frequencies, the RFFE circuitry and antennas are
physically separate as the antenna dimensions are larger and
the RF losses are low.

However, at mmWave frequencies, the RF circuitry densi-
fies to feed both the horizontal and the vertical polarizations
of several different antenna elements, making it extremely im-

Table 1: RF Characteristics Referenced in Terms of Spherical Power Metrics

UE transmitted power (max & min)

Transmit signal quality (EVM/Freq error/Carrier

Transmitter leakage/IBE)
Output RF spectrum emission (occupied
bandwidth/SEM/ACLR)
Reference sensitivity

Receiver

Max input level

Adjacent channel sensitivity

portant to integrate the radiating antenna elements with the
active radio circuitry, and shrinking the RFFE chain to mini-
mize the signal attenuation. For this reason, it becomes ex-
tremely crucial to characterize and verify the performance of
the integrated RFFE, also referred to as the mmWave antenna
module (Fig. 2).

5G mmWave Test Challenges

All of these physical-layer changes have also prompted sig-
nificant RF hardware design and antenna changes, making it
extremely important and, at the same time, challenging, to
validate the end-user device performance. Lets explore some
of the test challenges and considerations associated with op-
eration at mmWave frequencies.

3D Beamforming Characterization and Verification

The integration of the RFFE and antenna arrays makes RF
probing problematic, eliminating the option of conducted
testing. At the frequencies used in LTE or 5G FR1, the perfor-
mance of the transmitter and receiver is measured using the
conducted test mode, and
antenna performance is veri-
fied by a radiated test meth-
odology. But at mmWave

EIRP spherical coverage .
frequencies, all tests are per-

Beam peak formed over the air (OTA) in
a shielded environment.

TRP As  described earlier,
mmWave antenna arrays

€IS consist of multiple small
elements, fed with a single

EIS data stream (polarization)

€IS or dual data streams (dual

polarization) and thus gen-
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Table 2: Physical-Layer Capabilities Supported by 5G NR mmWave over LTE

. Parameter 4G LTE 5G FR2 (mmWave)
result, we must characterize
the beam’s radiation pattern | Frequency range  Up to 6 GHz 24.25 - 52.6 GHz
i 11-cali
in a well-calibrated setup at e o e FDD, TDD DD
multiple angles to verify the
DUT’s performance relative Subcarrier 15 kHz 60,120 kHz
to the direction of propaga- spacing
. rd_ .
tion. The - 3"-Generation "o 4yyith 15,3,5, 10, 15, 20 MHz 50, 100, 200, 400 MHz

Partnership Project (3GPP)

recognizes the spherical Access scheme
Tneasufemer;’ss—effectlve Carrier
isotropic ra 1afted 'p ower aggregation
(EIRP), effective isotro-

pic sensitivity (EIS), beam
peak gain, and 3-dB beam
width—as some of the key
metrics to measure the performance of the transmitter and
the receiver chain (Table 1).

To accomplish the above tests, the entire procedure necessi-
tates the use of precise device positioning, alignment with the
measurement antenna to avoid power loss and measurement
inaccuracy, and a synchronized chamber positioner and DUT
control. The overall methodology is time-consuming and can
be very prone to setup errors.

Frequency Drift Resulting in RF Impairments

Figure 3 describes a typical mmWave transceiver circuit
consisting of several components, including mixers, local os-
cillator (LO), phase shifters, power amplifiers, low-noise am-
plifiers, and integrated antennas.

The characteristics of these components can largely affect
the performance of the communication system. Any imper-
fections resulting from either a manufacturing defect or mu-
tating frequency response can notably degrade signal quality,
resulting in poor error-vector magnitude (EVM). These ef-
fects intensify even further at higher mmWave frequencies,
denser modulation schemes, and larger antenna array sizes,
making test and measurement highly sensitive to some RF im-

DL: OFDMA, UL: SC-FDMA
5 carriers

(with maximum aggregated
BW of up to 100 MHz)

DL: CP-OFDM, UL: DFT-s-ODFM
16 carriers

(with maximum aggregated BW of
up to 1200 MHz)

pairments.

For example, phase noise resulting from the local oscillator
could degrade the signal-to-noise ratio (SNR), thereby con-
straining the use of higher-order modulations and limiting the
ability to detect and demodulate weaker signals. Other factors
affecting modulation accuracy could be a dc offset due to LO
leakage, phase imbalance caused by a phase shift between the
I'and Q output signal from local oscillator or amplitude imbal-
ance resulting from gain shift between I and Q signals (Fig. 4),
errors in digital-to-analog converters (DACs), or inconsisten-
cies in the analog mixers. All of these defects could cause a
shift in EVM, resulting in an attenuated signal and distorted
waveform.

Implementing Comprehensive Test Coverage

To support a diverse array of devices across disparate indus-
try verticals, 5G offers a wide range of physical-layer features
to enable flexibility in implementation. Table 2 exhibits sup-
port for wider bandwidths, flexible subcarrier spacings, mul-
tiple access schemes, and large carrier aggregation. All of it is
supported over different mmWave frequency bands as speci-
fied in Table 3.
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4. Modulation accuracy can be adversely affected by a phase imbalance resulting from a phase shift between the | and Q output signal from the
LO or amplitude imbalance caused by a gain shift between the | and Q signals.

However, this flexibility gives rise to an exponential number
of possible comprehensive verification test cases that could be
executed based on the number of carriers, slot combinations,
massive-input massive-output (MIMO) configurations, mod-
ulation schemes, orthogonal frequency-division multiplex-
ing (OFDM) types, and bandwidths. Figure 5 shows almost
600,000 test cases for just a single mmWave frequency to cover
all bandwidths, modulation schemes, and OFDM types.

Furthermore, the process could still become much more
complicated if the device were to support multicarrier opera-
tion in the form of carrier aggregation, necessitating a well-
built automation framework to support validation across
varied intra- and inter-band combinations. Not only does this
magnify the effort of test case design, development, execution,
and verification, but it also directly translates into increased
time to market, significantly curtailing production through-

Table 3: mmWave Frequency Bands as Defined by 3GPP Rel-16

n257 26.5 -29.5
n258 24.25 - 27.50
n259 39.50 - 43.50
n260 37.0 -40.0
n261 27.50 - 28.35

put and overall cost economics.

Simplifying the Complex OTA Test Setup

The goal for any technology is to be the first to market while
satisfying the competing motives of maintaining quality and
high production yield—mmWave is no different. However,
what does differ is the dramatic increase in test-setup com-

Nas Mumber | Test case count with all LOTalIeI e ol
ODFM | 5CS5 (KHz) Modulations : including all possible
50 MHz |100 MHz| 200 MHz| 400 MHz of CCs | possible RB sweep EE AR B
DFTS 60 1145 3315 9288 - 5 1 13,748 68,740
120 360 1145 3315 9288 5 1 14,108 70,540
cp 60 2211 8778 34980 - 5 1 45,969 229,845
120 528 2211 8778 | 34980 5 1 46,497 232,485
ota 856 601 610

5. Shown is a total test-case count sweeping across multiple resource block allocations. Note that the test-case count can vary significantly

based on a combination of physical parameters under test.
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mmWave Test and Measurement Equipment
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6. This diagram depicts a representative multi-DUT OTA test setup.

plexity when scaled from R&D to production, especially when
moving from single-DUT to multi-DUT testing.

An ideal R&D lab setup would look simple with a seem-
ingly direct connection between the test equipment and the
measurement antenna. However, in a production environ-
ment, the setup will mostly involve use of multiple additional
components.

Figure 6 shows a four-DUT OTA test setup. Apart from the
mmWave test equipment, DUT, and OTA chambers, the setup
requires use of multiple RF switches, control box, measure-
ment antennas, RF cables, and adapters. Each of these ele-
ments exhibits a certain performance loss or gain based on
frequency of operation. For this reason, care must be taken
to ensure:

° The components are compatible with each other,
enabling seamless integration.

° The entire setup is well calibrated, with path loss
determined and taken into consideration when making device
measurements.

o Choice of a chamber with a far-field distance
proportional to the antenna module under test, thus limiting
the OTA path loss.

Shielded mmWave
OTA Chamber

o Avoiding the use of components that have limited
operating life, minimizing operational cost.

° Software-automation tools that enable
customization and deliver fast test times.

simple

Overcoming Test Challenges for Success

5G mmWave is still in its early stages of deployment, with
evolving use models, implementation, and test method-
ologies. Nevertheless, with an increasing number of devices
launching in the mobile and fixed-wireless-access ecosystem,
ensuring quality by overcoming the test challenges outlined
above will continue to be important to the success of these
early products.

Captions:
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