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Abstract: Modern cellular user equipment (UE) increasingly
supports multiple switchable antenna panels and concurrent
connectivity to both terrestrial networks (TN) and non-terrestrial
networks (NTN), including low-earth-orbit (LEO) satellite links.
Existing uplink antenna and link selection schemes suffer from
three fundamental limitations: they rely on downlink reference
signal measurements as proxies for uplink path quality; they
delegate selection to the network via capability reporting and
scheduling commands; or they minimize only transmit power
without accounting for the transient energy costs of antenna
switching, retuning, and baseband chain activation. These limita-
tions render existing approaches suboptimal for emerging multi-
panel, multi-link UE architectures – particularly wearables and
augmented reality (AR) devices with tight thermal budgets and
rapidly varying propagation environments. This paper proposes a
fully autonomous, UE-side uplink selection framework based on a
five-component total energy cost function: Etotal = Etx + Ebase-
band+Eswitching+Etuning+Emargin,whereEtx is the transmit
energy, Ebaseband is the baseband andRF chain activation energy,
Eswitching is the antenna panel and link switching transient
energy, Etuning is the antenna retuning and settling energy,
and Emargin is an uncertainty margin penalty. The selection is
performed entirely on-device using internal UE measurements,
impedance/VSWR sensing, power amplifier (PA) telemetry, and
inertial measurement unit (IMU)/grip sensing – without network
assistance. A forward-looking extension over a prediction horizon
T uses satellite ephemeris andDoppler trajectory data to minimize
cumulative energy expenditure for NTN links. Joint carrier aggre-
gation (CA) and simultaneous TN+NTNmulti-link selection are
addressed within the same framework. Hysteresis is enforced by
conditioning switching events on the criterion that the reduction
in Etx and Ebaseband exceeds the sum of Eswitching and Etuning
by a programmable margin. Analytical results demonstrate the
validity of the proposed framework across a range of multi-panel
and multi-link UE scenarios.
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1. Introduction

The rapid evolution of cellular user equipment toward multi-
panel antenna architectures, carrier aggregation across multiple
component carriers, and concurrent terrestrial and non-terrestrial
network connectivity has introduced a newclass of energymanage-
ment challenges that existing uplink resource selection frame-
works are ill-equipped to address. Smartphones, wearables, and
augmented reality (AR) devices now routinely incorporate four or
more antenna panels, multiple independent transmission chains,
andmodems capable of simultaneous operation on5GNewRadio
(NR) terrestrial links and low-earth-orbit (LEO) satellite NTN
links as standardized in 3GPP Release 17 and beyond. Wearables
and AR devices are particularly susceptible to uplink energy inef-
ficiency owing to their significantly reduced battery capacities,
constrained antenna apertures, and heightened sensitivity to grip-
induced impedance variation resulting from their worn or hand-
held usage patterns.

Existing approaches to uplink antenna and link selection fail
to account for the multi-component energy costs arising from
antenna switching, retuning, baseband chain activation, and prop-
agation uncertainty. A first class of approaches uses downlink
reference signal measurements (such as RSRP or CQI) as proxies
for uplink path quality. This approach is fundamentally indirect:
downlink and uplink propagation conditions can differ substan-
tially, particularly in frequency-division duplex (FDD) systems
and in multi-panel UEs where the active panel for reception may
differ from the optimal panel for transmission. A second class dele-
gates antenna selection to the network, which introduces signaling
overhead, is inapplicable in high-latency NTN scenarios, and is
unavailable in networks lacking advanced uplink antenna selection
signaling. A third class, represented by sounding reference signal
(SRS)-based antenna switching, reconfigures SRS resources but is
oriented toward channel sounding rather than data transmission
energy minimization.

The contributions of this paper are as follows:

1. A five-component total energy cost function is proposed for
UE-side uplink antenna panel and network link selection,
providing the first unified formulation that explicitly and simul-
taneously accounts for all material energy costs in multipanel,
multi-link UE architectures.
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2. A fully autonomous on-device selection algorithm is presented
that populates the five-component cost function using internal
UE measurements without requiring network assistance.

3. The cost function is extended to a forward-looking prediction
horizon using satellite ephemeris and Doppler trajectory data
for NTN links.

4. Joint carrier aggregation and simultaneous TN+NTN multi-
link selection are addressed within the same framework,
deriving a hysteresis condition that prevents energetically unjus-
tified switching events.

5. An analytical characterization of the energy terms and a
demonstration of the framework’s energy-saving properties are
presented.

2. Related Work

2.1. Uplink Antenna Selection in Multi-Antenna UE

Transmit antenna selection (TAS) for uplink communications
has been studied extensively in the context of MIMO systems.
In 3GPP LTE and NR, uplink TAS is specified as a closed-loop
procedure. Extensions to carrier aggregation environments have
been proposed, but these are fundamentally network-driven and
do not optimize UE-side energy consumption. Work on UE-side
power minimization for multi-antenna uplink transmission has
considered the selection of the number of active transmit chains,
but this formulation does not model switching transient energy,
retuning energy, or baseband activation energy. The impact of user
hand grip on antenna performance in multi-panel UE has been
studied, demonstrating that grip-induced antenna efficiency degra-
dation can exceed 10 dB. Grip-aware beam codebook adaptation
has been proposed, but without integration into an energy cost
optimization framework.

2.2. Energy-Efficient Carrier Aggregation

Carrier aggregation in 5G NR enables UEs to aggregate multiple
component carriers, increasing throughput at the cost of activating
additional baseband chains and RF front-end components. The
energy cost of CA has been studied to jointly optimize compo-
nent carrier selection and resource block allocation. AI-enabled
approaches have also been proposed for energy-aware CA, but
these works address only the baseband component of the total
energy cost and do not model switching/tuning energy.

2.3. Non-Terrestrial Network Integration and Energy
Efficiency

The integration of LEO satellite NTN links into 5G NR intro-
duces new challenges due to high path loss, large Doppler shifts,
and long propagation delays. Satellite ephemeris data enables
UE-side prediction of satellite geometry and Doppler trajectory.
Energy-efficient multi-connectivity scheduling for uplink NTN
has been studied, but theseworks focus onnetwork-side schedulers
rather than UE-side autonomous selection based on a comprehen-
sive energy cost function.

2.4. Internal UE Measurement for Uplink Path Quality
Estimation

Prior works have explored individual sensor modalities such as
impedance sensing and PA telemetry in isolation, but combining
all three – VSWR/impedance sensing, PA telemetry, and
IMU/grip sensing – as inputs to a unified uplink energy
optimization framework has not been previously proposed.

3. System Model

3.1. UE Architecture

AUE device equipped withN_p ≥ 2 switchable antenna panels is
considered.TheUE supportsN_C transmission chains,which can
be connected to different antenna panels through anRF switching
fabric. The UE can connect to N_l network links, comprising TN
andNTN links. It supports carrier aggregation across up toN_CA
component carriers. At each uplink transmission opportunity t,
the UE must select a configuration tuple (i, j, k) ∈ S, where S
denotes the set of feasible configurations.

3.2. Channel and Propagation Model

For TN link k, the uplink path loss at time t is modeled as:

PL_TN(k, t) = PL0 (k) + 10η log10 (d(t)/d0) + X_σ. (1)

PL0 is the reference path loss at d0, η is the path loss exponent,X_σ
is log-normal shadow fading (zero-meanGaussian in dBwith std σ)

For NTN link k, the uplink path loss at time t is modeled as:

PL_NTN(k, t) = 20 log10 (4πd_s(t)f_c/c) + L_atm(θ(t))

+ L_rain + L_point(t) + X_σ,NTN. (2)

θ(t) is elevation angle; d_s(t) is the slant range between UE and
satellite; L_point(t) is pointing/misalignment loss; X_σ,NTN is
NTN shadow fading term per 3GPP TR 38.811.

3.3. Antenna Efficiency and VSWR Model

The total radiation efficiency of antenna panel i at time t is:

η_rad(i, t) = (1 − |Γ(i, t) |2) ∗ η0 (i, t). (3)

The VSWR is measured directly by the UE’s internal impedance
measurement circuit:

VSWR(i, t) = (1 + |Γ(i, t) |)/(1 − |Γ(i, t) |). (4)

The required PA output power to achieve a target EIRP is calcu-
lated accordingly:

P_PA(i, j, k, t) = P_EIRP_target(k, t) ∗ L_feed(i)/

(G_ant(i) ∗ η_rad(i, t)) (5)

where G_ant(i) is the antenna gain of panel (i) in linear scale and
L_feed(i) ≥ 1 is the feed and connector loss factor between the PA
output port and the antenna feed point.
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The intrinsic radiation efficiency η0 (i, t) in (3) is affected by
grip-induced body loading, which varies with grip state and device
orientation as estimated from IMUand grip sensormeasurements.
Misclassification of grip state introduces uncertainty in η_rad(i, t)
via (3) and consequently in P_PA(i,j,k,t) via (5), degrading the
accuracy of the uplink path quality estimate for body-loaded panel
configurations.

4. Five-Component Total Energy Cost Function

The total energy consumed by the UE for an uplink transmission
using configuration (i, j, k) is modeled as the sum of five compo-
nents:

Etotal(i, j, k) = Etx(i, j, k) + Ebaseband(i, j, k)

+ Eswitching(i, j, k) + Etuning(i, j, k)

+ Emargin(i, j, k) (6)

A weighted form with dynamically configurable coefficients
(shadow pricing) is:

Eselect(i, j, k) = α ∗ Etx(i, j, k) + β ∗ Ebaseband(i, j, k)

+ γ ∗ Eswitching(i, j, k) + δ ∗ Etuning(i, j, k)

+ ε ∗ Emargin(i, j, k) (7)

The coefficients α, β, γ, δ, ε ≥ 0 in (7), with at least one strictly
positive, represent the relative priority assigned to each energy
component in the selection objective. A negative coefficient would
reward increased expenditure on that component, contradicting
the minimization objective.

The weights are adapted dynamically as a function of UE
operating state: α and β are elevated under battery-critical condi-
tions to penalize sustained energy consumption; β is elevated under
thermal throttling to suppress baseband chain activation; γ, δ, and
ε are elevated under high mobility to penalize switching transients
anduncertain estimates; and ε is elevatedwhenNTNsatellite eleva-
tion is low, biasing selection toward the TN link until geometry
improves.

4.1. Transmit Energy Term (Etx)

The estimated RF output energy required to deliver an uplink
payload of B bits over configuration (i, j, k) during a transmission
interval of duration Ttx:

E_tx(i, j, k) = P_PA(i, j, k, t) ∗ T_tx/η_PA(i, j, k). (8)

4.2. Baseband Activation Energy (Ebaseband)

The state-dependent energy cost of activating or maintaining the
baseband processing chain and RF front-end:

Ebaseband(i, j, k) = PBB(j, k) ∗ Ttx + ΔEact(j, k, j0, k0). (9)

Where P_BB(j, k) is the steady-state baseband chain power draw
and ΔE_act(j, k, j0, k0) is the one-time activation energy when
transitioning from chain-link pair (j0, k0) to (j, k).

4.3. Switching Transient Energy (Eswitching)

The energy consumed during the physical transition from the
currently active configuration to the candidate configuration
(including RF switch actuation and modem state transitions):

E_switching(i, j, k) = E_sw_RF(i, i0) +E_sw_modem(j, k, j0, k0)
(10)

where E_sw_RF(i, i0) is the RF switch actuation energy transi-
tioning from panel i0 to i, and E_sw_modem(j, k, j0, k0) is the
modem state-transition energy.

4.4. Antenna Retuning Energy (Etuning)

The energy consumed by the antenna impedance matching
network reconfiguration process and settling time:

E_tuning(i, j, k) = E_tune_ctrl(i, k, i0, k0)

+ P_PA_settle(i, k) ∗ T_settle(i, k). (11)

where E_tune_ctrl(i, k, i0, k0) is the control energy of the tunable
matchingnetwork andP_PA_settle(i,k) is thePApower during the
settling transient, with T_settle(i, k) being the impedance settling
time.

4.5. Uncertainty Margin Energy Penalty (Emargin)

An optional uncertainty penalty derived from the confidence level
of the uplink path quality estimate:

E_margin(i, j, k) = λ ∗ (1 − ρ(i, j, k)) ∗ E_tx(i, j, k). (12)

where ρ(i, j, k) ∈ [0, 1] is the confidence in the path quality
estimate for configuration (i, j, k) and λ ≥ 0 is a tunable penalty
weight.

4.6. Optimization Problem

The UE selects the configuration (i∗, j∗, k∗) that minimizes
the weighted total energy cost subject to QoS and regulatory
constraints:

(i∗, j∗, k∗) = argmin(i, j, k) ∈ SEselect(i, j, k) (13)

5. Autonomous On-Device Selection Using
Internal UE Measurements

The cost function in (7) is populated using internal UE measure-
ments rather than network-provided measurements or downlink
reference signals. This avoids signaling overhead and mitigates
the downlink-proxy inaccuracies inherent in FDD systems. Three
measurement modalities are employed.

5.1. Impedance and VSWR Sensing

The UE’s internal impedance measurement circuit monitors
|Γ(i, t) | at each antenna panel, fromwhich η_rad(i, t) is computed
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via (3) and VSWR(i, t) via (4). The required PA output power
P_PA(i,j,k,t) is then obtained via (5), directly populating E_tx in
(8). The confidence of this measurement is reflected in ρ(i, j, k) in
(12), such that panels with elevated mismatch uncertainty incur a
higher E_margin penalty in (7), discouraging their selection under
uncertain impedance conditions.

5.2. Power Amplifier Telemetry

PA telemetry provides real-time measurement of PA efficiency
η_PA(i, j, k) and actual RF output power, which are substituted
directly into E_tx in (8).

5.3. IMU and Grip Sensing

IMU and grip sensor measurements estimate device orientation
and grip state, identifying body-loaded panels with degraded
η_0(i, t) in (3). As established in Section III-C, grip state
misclassification introduces uncertainty in η_rad(i, t) via (3) and
P_PA(i,j,k,t) via (5), which propagates into ρ(i, j, k) in (12) and
increases E_margin in (7) for affected panel configurations, penal-
izing their selection in (13).

6. Hysteresis Framework

To prevent energetically unjustified switching in volatile propaga-
tion environments, a transition from the current configuration to
a candidate configuration is executed only if:

E_select(i_curr, j_curr, k_curr)

− E_select(i_cand, j_cand, k_cand)

> E_switching(i_cand, j_cand, k_cand)

+ E_tuning(i_cand, j_cand, k_cand) + Δ_margin. (14)

7. Forward-Looking Prediction for NTN Links
and Future Work

For NTN satellite links, the UE uses satellite ephemeris data
(orbital parameters, position, velocity) to predict the satellite eleva-
tion angle and slant range over a forward-looking horizon T.
This allows the UE to proactively switch panels or links based
on predicted path loss evolution and Doppler shift rather than
reacting post-degradation.

The proposed framework establishes the analytical foun-
dation for autonomous UE-side uplink energy optimization.
Numerical evaluation of the 5C-EAF against transmit-power-only
and network-assisted baselines, including per-component energy
savings quantification and sensitivity analysis of the weight coef-
ficients α, β, γ, δ, and ε across varying UE operating states, TN
channel conditions, and NTN satellite geometries, are left for
future work. Hardware-in-the-loop validation on commercial UE
platforms equipped with PA telemetry and impedance sensing
capability will further confirm the practical realizability of the
on-device selection algorithm under realworld grip, mobility, and
multi-link conditions.

8. Conclusion

This paper has presented a five-component total energy cost func-
tion for autonomous UE-side uplink antenna and link selection,
establishing an analytical foundation for energy-awareuplink selec-
tion that addresses the limitations of legacy single-metric systems.

References

[1] A. Karimi and K. I. Pedersen, “5G system-level performance anal-
ysis of uplink multi-panel transmission in mm-wave frequencies,” in
Proc. IEEE Veh. Technol. Conf. (VTC-Fall), Sep.

[2] F. Abinader, C. Rom, K. Pedersen, and S. Hailu, “System-level
analysis of mmWave 5G systems with different multi-panel antenna
device models,” in Proc. IEEE Veh. Technol. Conf. (VTC-Spring),
Apr.

[3] A. Sattarzadeh, M. Mozaffari, and P. Popovski, “Satellite-based non-
terrestrial networks in 5G: Lessons learned and opportunities,” IEEE
Access.

[4] T. Fukui and K. Yokomakura, “Investigation of performance of
uplink multi-panel transmission for multi-TRP operation in 5 G -
advanced system,” IEICE Trans. Commun., vol. E-B.

[5] B. Shang, L. Liu, R.Q.Hu, and P. Zhu, “Multi-connectivity between
terrestrial and non-terrestrial networks,” IEEEWireless Commun.

[6] M. Tayyab, X. Gelabert, and R. Jäntti, “Uplink reference signals for
energy-efficient handover,” IEEE Access.

[7] 3GPP, “NR; Physical layer procedures for control,” 3rd Generation
Partnership Project, Tech. Spec. TS.

[8] H.Hojatian, J. Nadal, J.-F. Frigon, and F. Leduc-Primeau, “Learning
energy-efficient transmitter configurations for massive MIMO,”
IEEE Trans. Wireless Commun.

[9] K. Muralidhar, A. Papadogiannis, and S. Parkvall, “SRS interference
management in TDDCJT for 5G,” IEEE Access.

[10] 3GPP, “NR;Physical layer procedures for data,” 3rdGenerationPart-
nership Project, Tech. Spec. TS. (UE-side transmit chain selection for
uplink beamforming.)

[11] R. Joda, M. Elsayed, H. Abou-Zeid, R. Atawia, A. Bin Sediq, and G.
Boudreau, “Carrier aggregationwith optimizedUEpower consump-
tion in 5G,” IEEE Netw. Lett.

[12] F. Khoramnejad, M. Erol-Kantarci, and B. Kantarci, “AI-enabled
energy-aware carrier aggregation in 5G new radio,” IEEE Access.

[13] M. N. Dazhi, H. Al-Hraishawi, M. R. Bhavani Shankar, S.
Chatzinotas, and B. Ottersten, “Energy-efficient service-aware
multi-connectivity scheduler for uplink multi-layer non-terrestrial
networks,” IEEE Trans. Green Commun. Netw.

[14] A. F. Molisch and M. Z. Win, “MIMO systems with antenna selec-
tion,” IEEEMicrow. Mag.

[15] A. Al Ayidh, A. Celik, and A. M. Eltawil, “Antenna selection based
on matching theory for uplink cell-free massive MIMO,” Telecom.

[16] 3GPP, “NR; Physical channels and modulation,” 3rd Generation
Partnership Project, Tech. Spec. TS. (Uplink transmit antenna selec-
tion in carrier aggregation.)

[17] S. Ahlbom, C. Gustafson, and B. K. Lau, “Hand grip impact on 5G
mmWave mobile devices,” IEEE Access.

[18] A. Karimzadeh Baee, L. Akhoondzadeh-Asl, and P. S. Hall, “User
effect on the MIMO performance of a dual antenna LTE handset,”
in Proc. Eur. Conf. Antennas Propag. (EuCAP).

[19] A. AlAmmouri, J. Mo, B. L. Ng, J. C. Zhang, and J. G. Andrews,
“Grip-aware analog mmWave beam codebook adaptation for 5 G
mobile handsets,” arXiv.

[20] M. Caus, J. Bas, A. I. Pérez-Neira, and M. Á. Vázquez, “Non-
terrestrial networks in 5G and beyond: A survey,” IEEE Access.

36 Wireless World Research and Trends Vol. 3_1



Mahesh Devdatta Telang

[21] R. Shrestha and H. Al-Hraishawi, “Elevation-aware supplementary
uplink for direct satellite-to-device communications,” arXiv.

[22] M. Alibakhshikenari, B. S. Virdee, L. Azpilicueta, M. N.Moghadasi,
and E. Limiti, “Optimum power transfer in RF front end systems
using impedance matching technique,” Sci. Rep.

[23] N. Ye, X. Cao, X. Ding, J. Li, and D. Zhao, “Multi-connection
to the sky: Energy-efficient beamforming for multi-satellite uplink
transmission with lens antenna array,” IEEE Trans. Veh. Technol.

[24] 3GPP, “Study on channel model for frequencies from 0.5 to 100
GHz,” 3rd Generation Partnership Project, Tech. Rep. TR.

Biographies

Mahesh Devdatta Telang received his B.E. in Electronics and
Communication Engineering from Visvesvaraya Technological

University in 2011 and M.S. in Computer Engineering from the
University of Texas at Dallas in 2013. From 2012 to 2019, he was
a Senior Engineer at Qualcomm Technologies Inc., contributing
to the research and development of 4G and 5G wireless commu-
nication technologies. Subsequently, he worked at Google from
2019 to 2022, where his focus was on baseband and connectivity
for Android and Pixel devices.Mr. Telang currently works atMeta
Platforms Inc., where he is involved in designing and developing
innovative connectivity solutions for AR/VR/XR devices. His
research interests include Control and Data plane for Wireless
technologies like 4G, 5G,NTN. Power, Thermal and SARMitiga-
tion techniques for wearables and prototyping of new innovations
on AR/XR and wireless devices.

Vol. 3_1 Wireless World Research and Trends 37




	Introduction
	Related Work
	Uplink Antenna Selection in Multi-Antenna UE
	Energy-Efficient Carrier Aggregation
	Non-Terrestrial Network Integration and Energy Efficiency
	Internal UE Measurement for Uplink Path Quality Estimation

	System Model
	UE Architecture
	Channel and Propagation Model
	Antenna Efficiency and VSWR Model

	Five-Component Total Energy Cost Function
	Transmit Energy Term (Etx)
	Baseband Activation Energy (Ebaseband)
	Switching Transient Energy (Eswitching)
	Antenna Retuning Energy (Etuning)
	Uncertainty Margin Energy Penalty (Emargin)
	Optimization Problem

	Autonomous On-Device Selection Using Internal UE Measurements
	Impedance and VSWR Sensing
	Power Amplifier Telemetry
	IMU and Grip Sensing

	Hysteresis Framework
	Forward-Looking Prediction for NTN Links and Future Work
	Conclusion
	References
	Biographies

