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Abstract—A new adjustable multilevel hybrid (AMH) con-
verter architecture is proposed for the radio frequency (RF)
amplifier supply modulators using symbol power tracking. The
converter comprises a 4-level switched-capacitor stage and an
inductive partial-power-processing stage that allows four output
levels to dynamically change depending on symbol power and
communication traffic patterns in 5G New Radio (NR). The
converter prototype provides a wide range of output voltages
from 12V to 50V from a 50V input while delivering the output
current up to 1A. It achieves efficiency higher than 85% for a
wide range of RF loads and can deliver a maximum RF power of
S0W with 98.4% efficiency. When tested with a commercial class-
AB PA, a power-added efficiency improvement of 3X is achieved
at 11 dB backoff power. The converter prototype supports symbol
power tracking for SG NR with a fast level transition below
S0ns that is well within the cyclic prefix time allocated to avoid
intersymbol interference.

Index Terms—DC-DC Converter, Envelope tracking, Symbol
power tracking

I. INTRODUCTION

In modern communication systems, envelope tracking (ET)
is one of the viable methods to enhance transmitters’ effi-
ciency. A simple diagram of an ET system is illustrated in
Figure 1. In envelope tracking, the supply voltage of the
power amplifier (PA) is dynamically adjusted by an envelope
modulator to track the envelope of the RF signal amplitude
corresponding to the RF power it needs to transmit. This al-
lows the PA to operate near saturation throughout all operating
points to improve power efficiency [1]. Various circuits can
be used for the envelope modulator to provide the modulated
supply voltage for the PA, such as a Buck converter [2],
[3], or a combination of a switching converter in parallel or
in series with a linear regulator [4]-[7]. However, increased
RF signal bandwidth in wide-band radio, such as 5G New
Radio (NR), requires a wide-band envelope modulator with
a high switching frequency and large regulation bandwidth.
This complicates the switching converter’s design, increases
loss, and negates or even eliminates the efficiency benefits of
envelope tracking. In another solution to increase transition
speed proposed in [8], [9], a multilevel converter is used
to create multiple discrete voltage levels. Then an output
switch network can quickly connect the output to one of
these levels. This technique offers better adaptability to wide-
band RF systems handled by the output network without the
need for a high bandwidth regulation loop or high switching
frequency in the multilevel converter. However, there remain
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significant challenges to taking full advantage of the technique.
RF signals typically have high peak-to-average ratios (PAPR),
where the time the PA works at peak power only accounts for a
small portion of the whole operation period. This would make
the higher voltage levels in the multilevel supply modulator
under-utilized. Therefore, it is desirable to have a larger
number of levels to improve supply modulation efficiency
and signal quality, but this leads to more complexity and
additional losses that would undermine original benefits. While
the multilevel tracking supply modulator was first introduced
as an alternative to the traditional envelope tracking converter
using an inductive switching converter, it became a prevailing
solution as the signal bandwidth increased beyond 100 MHz in
5G NR. At the same time, as the signal bandwidth continued
to increase, average power tracking (APT) and symbol power
tracking (SPT) are now considered more efficient and more
practical than envelope tracking. As shown in [10], APT for
4G LTE only requires supply modulation to change levels in
every subframe of 1ms with 4.7us maximum transition time
in the allotted cyclic prefix, while these numbers in SPT for
5G NR are the symbol time of 4.16us and 290ns cyclic prefix
which can be seen in Figure 2. Therefore, SPT is chosen as the
target application for this work because compared with APT,
it has a better trade-off between tracking speed for efficiency
and transition requirement. Hence, in addition to increasing
the number of levels, it is desirable for the supply modulator
to achieve a fast transition time below 100ns and well within
the cyclic prefix.

1

Envelope
Modulator

1

RF Signal In

VDD_PA(t)

Envelope
Amplitude

RF Signal Out

Fig. 1: Schematic diagram of PA with envelope tracking
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In this paper, we propose a new adjustable multilevel hybrid
(AMH) converter architecture for the envelope modulator,
shown in Fig. 3. While having four primary levels from a mul-
tilevel switched-capacitor network, the proposed converter in-
cludes an inductive partial-power-processing stage with PWM
control that allows the four levels to change dynamically to
support a virtually infinite number of four level groups to
cover a wide output voltage range up to the input voltage.
The converter achieves efficiency higher than 85% for most
of the RF load range, delivers up to S0W RF power with 98.4%
peak efficiency, and supports a fast level transition within 50ns.
The paper is organized as follows. Section II details the AMH
converter architecture and operation. The proposed converter
prototype implementation is presented in Section III. Section
IV reports the performance of the converter, followed by the
conclusion in Section V.

II. PROPOSED CONVERTER ARCHITECTURE

The proposed AMH converter architecture is shown in
Fig. 3. The converter comprises three parts: a multilevel
switched-capacitor (MLSC) converter stage based on the
Ladder switched-capacitor (SC) topology, four output tracker
switches, and a partial power processing (PPP) inductive
stage to modulate the bottom level of the SC network. The
MLSC stage comprises eight switches SWj_g, three flying
capacitors C'rp1_3, and four output capacitors Cpi—_4. The
MLSC converter has 2 phases of operation, with the even
switches SW2 — 8 turned ON in Phase ®1 and the odd
switches SW1 — 7 turned ON in Phase ®2 to generate four
voltage levels Vpi_4 equally spaced between Vg and Vipy
(also Vin). In other words, the three voltage levels at Vp1_3
are Vp; = i.w + Voo where i = [1; 3], or the voltage
difference between two adjacent nodes of Vp; is W. The
ground level Vg of the MLSC stage is generated by the PPP
Buck-like inductive stage, using switches SW B, diode Dyyck
and inductor L, The input of the PPP stage is connected
to Vo1 node. Using simple PWM control, the PPP stage can
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Fig. 3: AMH Converter architecure

redistribute the charge between Cpy and Cpg to regulate VOO0
to different voltage levels. Hence, following the equal voltage
distribution in the MLSC stage described above, the levels
at Vpj_3 are adjusted proportionally to generate different
output voltages, as illustrated in Fig. 2. In this operation, the
output power is partially processed by the MLSC converter
and the PPP converter stages, while the PWM control in the
PPP converter enables greater output regulation granularity,
i.e. a virtually infinite number of output voltage levels, to
improve output signal quality and overall system efficiency.
Four tracker switches can be controlled separately to provide
Vo1,2,3 and Vo4 = Vi levels to the output Vo following
a certain symbol voltage envelope to provide fast transitioning
between the four output levels,

Note that the three stages of the converter can be opti-
mized separately for their decoupled functions, MLSC and
PPP stages for efficient average power delivery while the
tracker stage for level transition and symbol rate tracking at
256kHz. As a result, while optimized differently, the switching
frequency of the three converter stages and the regulation
bandwidth of the PPP stage can be much smaller than the
actual baseband RF signal, leading to reductions in switching
loss and complexity of the control loop design.
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TABLE I: Component list

‘ Component ‘ Part number ‘
SW1-38 BSS806NH6327XTSAl
SW_EN1—4 DMNG6075S-7
Col—4;,Cf1-3 10uF Kemet Konnet
Lyuck Wiirth Elektronik 68uH

TI LMR16006
Skywork SI8275; TI LM5114
TI TPS70950
Murata CRES0505SC

Buck converter
Gate driver
LDO
Isolated Power Supply

"MLSC switches and capacitors ate driver ICs

Fig. 4: The AMH Converter prototype
III. IMPLEMENTATION

A prototype of the AMH converter, shown in Figure 4,
was implemented using the key components in Table 1. The
prototype included all power switches, tracker switches, and
gate driver circuitry. The converter utilizes dual-channel iso-
lated gate drivers for switches control signals and a cascaded
bootstrap and LDOs structure similar to the ones used in
[11] to provide proper supplies for the gate drivers of the
switches, STW1—8. For simplicity in implementation, the PPP
Buck converter stage is implemented using the TI LMR16006
product [12].
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Fig. 5: Efficiency of the AMH converter with V7 = 50V and
Voo is regulated at 10V
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IV. MEASUREMENT RESULTS

The converter performance is demonstrated in both DC
operation and SPT operation. Figure 5 shows the converter DC
efficiency when Vopr is connected to one of the four levels
while the PPP Buck converter stage regulates Vg at 10V. The
converter maintains an efficiency higher than 85% for more
than 80% of the load range across all four output levels. The
converter efficiency is also measured with a commercial class-
AB GaN power amplifier module in Figure 6. Compared with
a fixed 50V supply, the power-added efficiency (PAE) can be
improved by ~3X (from 10% to 30%) at 11dB backoff from
the peak power. The symbol tracking operation of the converter
is verified in Figure 7. The power of the continuous wave (CW)
signal is changed by an example symbol period of 10us. The
corresponding voltage transitions can be predetermined from
the input RF signal and synchronized with the output signal
as described in Fig. 2. The transition time is ~50ns, which is
shown in Fig. 8. The fast-level transition time is well within
the required cyclic prefix time of 290ns in 5G NR.

V. CONCLUSIONS

In this paper, we have demonstrated a new adjustable
multilevel hybrid (AMH) converter architecture that supports
a wide output voltage range up to 50V, multiple voltage levels,
and a fast voltage level transition of 50ns for symbol power
tracking in 5G NR base stations. The converter PCB prototype
exhibits an efficiency higher than 85% for a wide range of RF
loads and delivers 50W maximum output power with 98.4%
efficiency. The converter is proven capable of improving 3X
of power-added efficiency at 11 dB backoff power when tested
with a commercial class-AB PA.
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