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Abstract—Experimental results from 5G FR2 CATR OTA
measurement practices, this paper outlines beam codebook design
for a mobile UE operating at 140 GHz and 300 GHz. The modeled
UE uses two dual band antenna modules, one on the rear
and one on the side edge. Each module contains a shared
2 x 5 array with 0.5mm element spacing, approximately half
a wavelength at 300 GHz. The modem controls beam steering
and selects the active module. Under the assumed element
pattern model, beamwidths are 139.3° at 140 GHz and 65° at
300 GHz, with estimated peak element gains of 3.28 dBi and
9.90 dBi, respectively. Three methods are compared using the
spherical EIRP CDF: (a) a single beam per module with jointly
optimized steering, (b), a dense uniform codebook with jointly
optimized scan ranges and beam overlap, and (c) a gap directed
codebook that adds beams to improve the current 10th percentile
EIRP. At 140 GHz, the gap directed method achieves 17.57 dBm
using 30 beams, compared with 17.51dBm using 110 dense
codebook beams. At 300 GHz, it achieves —0.32dBm using 30
beams, compared with —0.15 dBm using 486 beams. These results
show that the gap directed method approaches dense codebook
performance at the 10th percentile while reducing beam count
by approximately 3.7x and 16.2x at the two bands.

Index Terms—6G, subTHz, 5G FR2, user equipment, dual
band array, shared element, beam codebook, OTA testing, EIRP,
spherical coverage.

I. INTRODUCTION

Experiments from 5G FR2 UE testing indicate that strong
peak EIRP alone does not ensure good coverage in every
direction. CATR measurements record EIRP across the sphere
and summarize its distribution using a cumulative distribu-
tion function (CDF). Lower percentiles point performance in
weaker directions, where limited beam coverage or blockage
can reduce the available link margin.

This paper applies the evaluation approach to a two module
UE operating at 140 GHz and 300 GHz. Each module contains
a shared dual band 2 x 5 uniform rectangular array with
the 0.5mm element spacing is approx half a wavelength at
300 GHz but only 0.233 wavelengths at 140 GHz, giving the
array different beam widths and steering responses at the two
bands, further the element patterns are modeled using an as-
sumed beam width scaling with wavelength and corresponding
peak gain estimates. The validation process explains how beam
codebook design can improve coverage in weaker directions
while limiting the number of beam states. Three methods
are compared: one jointly optimized beam per module, a
dense uniform codebook, and a gap directed codebook that
adds beams to improve the current 10th percentile EIRP.
Each method is evaluated over 6000 directions distributed
approx uniformly across the sphere, using the same module

geometry and fixed input power per element within each
band, this work makes three contributions. First, it defines a
shared array model with explicit element pattern assumptions
at both frequencies. Second, it jointly searches the codebook
parameters of the two modules within each band, allowing
their coverage regions to complement one another. Third,
it quantifies the tradeoff between beam count and spherical
coverage through a comparison of the three methods under
the same conditions. The gap directed method approaches the
dense codebook’s 10th percentile EIRP using 30 beams per
band, compared with 110 beams at 140 GHz and 486 beams
at 300 GHz.

Performance is examined at the 10th, 20th, 30th, 50th,
and 80th percentiles. The weaker lower percentile results at
300 GHz reflect the assumed element patterns, array response,
and module orientations in this model.

II. RELATED WORK

The element pattern formulation used in this study is
adapted from 3GPP TR 38.901 [1]. Its application at 140 GHz
and 300 GHz is a modeling extension beyond the standard’s
stated frequency range. Research from NYU WIRELESS
examines the feasibility of outdoor communication link above
100 GHz and the role of antenna arrays and beamforming [2].
Measurement systems and campaigns near 140 GHz provide
further context for propagation and attenuation at these fre-
quencies [3], [4].

Several industry demonstrations illustrate progress in sub
THz hardware and measurement systems from the gNB view
point. Rohde & Schwarz has reported an outdoor 300 GHz du-
plex link over 645 m at 12.6 Gbps [5], together with a photonic
measurement system operating beyond 500 GHz [6]. Keysight
has developed a testbed covering 110 GHz to 220 GHz for
waveform validation [7] and reported a 100 Gbps link with
the UK’s National Physical Laboratory and the University of
Surrey [8]. Fraunhofer HHI also operates an outdoor THz
wireless testbed integrated with optical fiber infrastructure
in Berlin [9]. These developments demonstrate progress in
radio front ends, antenna systems, and channel measurements.
Applying this technology to mobile UEs introduces additional
constraints on module size, transmit power, power consump-
tion, and spherical coverage. The present study addresses these
UE requirements by comparing beam codebook designs for a
compact device with a limited number of antenna modules.



0.1

-0.1

-0.2

-0.3

z: screen normal

-0.4

-0.5

N 0.2

-0.2

y: top -0.2 x: right side

@ M (rear) == \|1 boresight
@ M2 (side edge) === M2 boresight

Fig. 1. Two module UE geometry. M1 is rear placed with boresight along +2,
and M2 is placed on the right edge with boresight along +z. Each module
contains a shared dual band 2 X 5 array.

III. SYSTEM MODEL
A. Shared Dual Band Array and Module Geometry

Each UE module has a shared dual band 2 x 5 uniform
rectangular array, with five elements along its long axis and
two along its short axis. The element spacing is

¢
2 f300

corresponding to half a wavelength at 300 GHz and approxi-
mately 0.233 wavelengths at 140 GHz. This spacing is selected
to control grating lobes at the higher band. Steering to the max
limits with additional checking because of half wavelength
spacing and to produce equivalent array factor in opposite
steering directions.

Module 1 (M1) is placed on the rear, with its outward
normal along +2, long axis along ¢, and short axis along Z.
Module 2 (M2) is placed on the right edge, with its outward
normal along +2, long axis along 2, and short axis along .

For each observation direction 4, the modem selects the
module and beam that provide the highest EIRP:

~ 0.5 mm, (1)

EIRP(@) = max EIRPy, (1), )

me{1,2}
where each module’s EIRP is evaluated using its best available
beam ID. Only one module serves a direction at a time.

The model assumes far field operation in free space and
excludes chassis interaction, coupling, and user blockage.
Under these assumptions, moving a module without changing
its orientation leaves the calculated coverage CDF unchanged.

As shown in Fig. 1, the module boresights are 90°
apart. They provide coverage regions that may overlap, with
switched selection choosing the stronger available response in
each direction.

B. Dual Band Element Pattern

The element pattern uses the angular attenuation form of
3GPP TR 38.901 Table 7.3-1 as a modeling approx. Gain
decreases away from boresight in the horizontal and vertical
planes, with the combined attenuation capped at 30dB. [10],
[11] Peak gain is estimated separately from the approximate
directivity relation, assuming ideal radiation efficiency:
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where both beamwidths are expressed in degrees. For equal
horizontal and vertical beamwidths, this simplifies to
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The modeling is an approx, shared physical radiating aper-

ture whose beamwidth scales approximately with wavelength.
Setting the beamwidth at 300 GHz to 65° gives

93(1]3,140 ~ 650% = 139.3°. (5)
The corresponding peak gain estimates are 9.90dBi at
300 GHz and 3.28 dBi at 140 GHz. Under this assumption, the
lower band has a broader, less directive element pattern.

These values are analytical estimates of antenna character-
istics. The beamwidth approximation is particularly limited
for broad patterns. A practical dual band element support-
ing different current distributions at each frequency, so its
beamwidth and gain may differ from these estimates. Each
band therefore uses a separate beam codebook, described in
Sec. IV, while practical implementation requires band specific
calibration /phase array / Beam IDs.

Input power per element is assumed to be 4 dBm at 140 GHz
and 0dBm at 300 GHz. For ten equally powered elements,
the total input power is 10dB higher than for one element.
Under an ideal array approximation, coherent excitation can
provide a further 10dB increase in directivity. These are
separate contributions to EIRP, not a 20dB directivity gain.
The actual directivity depends on element spacing, radiation
patterns, steering, and coupling, and possibly integrating the
Beam IDs combined radiation pattern.

C. Physical Steering Limit

In this array model, steering depends on the sine of the
commanded angle, which ranges from —1 to +1. Different
angles can therefore produce identical element phase settings.
For example, sin(125°) = sin(55°), so both commands
produce the same radiation pattern when the element pattern
is held fixed. Similarly, the commands of +91° and —91° are
equivalent to +89° and —89°, respectively. Steering beyond
+90° therefore does not create additional beam patterns or
extend the spherical coverage in this model.



IV. BEAM CODEBOOK METHODOLOGY

All three methods use the same physical layout and system
model described in Sec. III. Coverage is evaluated using the
CDF, EIRP(4), across sampled spherical directions. Results
are reported at the 10th, 20th, 30th, 50th, 80th, and 100th
percentiles. Lower percentiles describe coverage in weaker
directions, while the 100th percentile represents the highest
sampled EIRP, which need not occur at module boresight.
Each method is evaluated separately at the two frequency
bands.

1) Method (i): Jointly Optimized Single Beam: Each mod-
ule uses one beam, defined by a fixed phase gradient across
its ten elements. The long and short axis steering angles of
both modules are searched jointly using a coarse 10° grid.
Each combination is scored by the combined 10th percentile
EIRP, followed by a 2° local refinement around the best
coarse configuration. Joint selection accounts for how the
two modules complement each other. Optimizing each module
independently does not necessarily maximize their combined
coverage, because the preferred steering angles depend on the
directions already served by the other module. The selected
configuration is the best found within the evaluated search
grids.

2) Method (ii): Dense Uniform Codebook: Each module
uses a grid of beams with spacing determined by a selected
crossover level between neighboring beams. The evaluated
levels are 3dB, 2dB, 1.5dB, 1dB, and 0.5 dB below the beam
peak. Smaller crossover losses require closer beam spacing and
generally increase the beam count.

Spacing is calculated numerically for the five element long
axis and the two element short axis. The resulting beam grid
spans the selected scan range on each axis. Coverage is cal-
culated by selecting the strongest available beam across both
modules in each direction. Each module has 9 x 9 x 5 = 405
candidate codebook configurations, covering nine long axis
scan widths, nine short axis scan widths, and five crossover
levels. All 405 x 405 module pairings are evaluated, and the
pairing with the highest combined 10th percentile EIRP is
selected. Thus, scan range and beam overlap are optimized
jointly for the two modules.

3) Method (iii): Gap Directed Adaptive Codebook: This
method builds the codebook one beam at a time from a shared
candidate pool containing steering settings for both modules.
At each step, every remaining candidate is temporarily added
to the selected codebook, and the resulting 10th percentile
EIRP is calculated. The candidate producing the highest score
is retained, and the process repeats until the beam budget
is reached. The selection process of aiming fo higher power
beams, its Beam ID targets improvements in lower percentile
coverage, including weak regions between the modules’ cov-
erage areas. Unlike uniform placement, it allocates beams
according to their contribution to the combined spherical
coverage metric.
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Fig. 2. Combined M1+M2 coverage CDF, all three methods, both bands. The
single beam floor sits well below both multi beam method at every percentile;
dense uniform and gap directed are close through the low to mid percentiles
and separate above roughly the 30th.

TABLE I
140 GHZ: COMBINED M1+M2 EIRP PERCENTILES (DBM) BY METHOD

Tier Beams pl0 p20 p30 p5S0 p80 p100

(i) Singlebeam 2 1034 1237 1444 1818 2329 27.07

(ii) Dense uniform 110 17.51 20.10 2192 2435 2634 2727

(iii) Gapdirected 30 17.57 19.85 2129 2328 25.62 27.14
V. RESULTS

Table I and Table II report the full percentile tables for
all three codebook beam methods at 140 GHz and 300 GHz,
plotted in full in Fig. 2. In both tables, “beams” is the total
across both antenna modules.

Fig. 3 indicates multiple nulls for 300 GHz and is directly a
large deadzone, it is the direct visual signature of the element
asymmetry from Sec. IIl B a resonant, directive element
necessarily has a real off boresight roll off, a narrow region
with slightly less power around 15 to 10dBm for 10th and
20th percentile at 140GHz spherical coverage.

Three findings follow from these tables.



TABLE 11
300 GHZz: COMBINED M1+M2 EIRP PERCENTILES (DBM) BY METHOD

substantial increase in beam count.
Gap directed placement reduces beam count. Using 30

beams per band, the gap directed method slightly exceeds

PI%e dense codebook’s 10th percentile EIRP at 140 GHz and

2;-g%dls only 0.17dB below it at 300 GHz. The corresponding

nse beam codebook uses 110 and 486 beams, respectively.

Tier Beams pl0 p20 p30 p50 p80
(i) Singlebeam 2 10.71  6.53 4.13 0.02 11.39
(ii) Dense uniform 486 0.15 0.11 644 1738 25.88
(iii) Gapdirected 30 0.32 0.15 551 13.62  21.09
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Fig. 3. Full sphere EIRP for the dense uniform codebook, both modules ON.
140 GHz’s spherical coverage with minimal nulls ; 300 GHz’s highly directed
energy with lot of null region even with 486 beams.

Beam diversity improves spherical coverage. Moving
from method (i) to method (ii) increases the 10th percentile
EIRP by 7.17dB at 140GHz and 10.56dB at 300 GHz,
without changing the input power per element. The im-
provement therefore comes from selecting among additional
steered beams. The larger improvement at 300 GHz reflects the
narrower modeled patterns, which provide stronger directional
gain but less angular coverage with a single beam. An addi-
tional module with a complementary orientation could help
overcome the nulls.

Denser uniform grids provide diminishing returns. At
300 GHz, reducing the crossover loss from 3dB to 0.5dB
increases the beam count from 66 to 486, approx 7.4 times as
many beams. However, the 10th percentile EIRP improves by
only 0.34dB, from —0.49dBm to —0.15dBm. This indicates
limited additional benefit at the selected percentile despite the

However, the dense codebook performs better at higher per-
centiles (directivity), illustrating the tradeoff between beam
count, lower percentile coverage, and performance across the
wider sphere.

VI. DESIGN PRECAUTIONS

1) Dual band element spacing: Select d < Anjgn/2 using
the highest operating frequency to control grating lobes.

2) Steering range: Restrict commands to £90° within this
model and use physically valid planar array steering
combinations (in case of antenna placements in edges).
Larger angles repeat existing phase settings rather than
extend coverage.

3) Beam count: Balance beam overlap against diminishing
improvements in the target CDF percentile. Further cov-
erage gains may require measured codebook calibration,
revised module orientations, or an additional module.

VII. CONCLUSION AND FUTURE WORK

For the modeled two module UE, beam codebook design
improves lower percentile spherical coverage at 140 GHz and
300 GHz without increasing input power per element. The gap
directed method achieves similar 10th percentile EIRP with
30 beams per band, compared with 110 and 486 beams for
the dense codebooks, respectively. These results demonstrate
beam count savings, but do not establish that all coverage
nulls are eliminated. Future work can examine third module
placement orientation and its improved Spherical coverage
with reduced nulls.
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