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Abstract: As the complexity of nanosatellite missions have 

increased over time, the data generated on-board nanosatellites 

have increased multiple folds. As a result, there is a need to 

downlink large amounts of data. Multiple nanosatellite missions 

have started using spectral efficient modulation schemes 

recommended in DVB.S2 and DVB.S2X to make the best use of the 

available spectrum. One of the main challenges in adopting higher 

order modulation schemes is to power-efficiently upconvert and 

amplify the baseband signals. All the lost efficiency in converting 

the DC power to the RF output is dissipated as heat and the 

relatively small thermal mass of nanosatellites poses thermal 

management challenges.  

As a first step to addressing the challenge of improving the power 

efficiency of the communication module, optimization techniques 

to improve the Peak to Average Power Ratio (PAPR) of the 

modulation schemes (16/32-APSK) are discussed in this paper. The 

PAPR of 16-APSK reduces by ~2 dB by incorporating filtering 

techniques discussed in this paper. Further, a well-known 

efficiency and linearity enhancement technique; Out-

phasing/LINC (Linear Amplification using Non-linear 

Components) is discussed. As a variant of the out-phasing 

architecture, a novel approach is proposed using two circularly 

polarized antenna to transmit the constant envelope signals in 

opposite polarizations and signal combining is performed at the 

receiver. Simulations results are used to demonstrate how higher 

efficiencies can be achieved using the proposed architecture. 
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1. INTRODUCTION 

Nanosatellite missions are undergoing a paradigm shift in its 

complexity and as a result need high data-rate radios to 

transmit their payload data to the ground stations or in some 

case exchange large volumes of data between 

nanosatellites[1]. This has resulted in the need to develop high 

data-rate radios that are both energy and spectral efficient. In 

the past, nanosatellite missions made use of low data-rate 

radios, on the order of 1.2 to 9.6 kbps to communicate with 

their ground stations. This trend has gradually changed and 

nanosatellite missions in recent time have crossed the 1Gbps 

downlink data-rates. A good example of such mission is the 

Planet’s High-Speed Downlink 2 (HSD2) radios that achieved 

1.6 Gbps downlink on a 3U nanosatellite mission [2]. 

Although this radio achieved a high data-rates, the potential 

drawback of such systems is the heat dissipated by them; in-

order to achieve a 2-Watts RF transmit power, the DC power 

consumption of the system is ~50 Watts. This means ~48 

Watts is dissipated as heat and for the small volume of 

nanosatellites, dissipating this heat can be a challenge. In 

order to achieve high data-rates in the available signal 

bandwidths, spectral efficient modulation schemes such as 

16/32/64-APSK modulation schemes are adopted, which is 

one of the main reasons of degradation in the system 

efficiency. Apart from the processing power needed in the 

baseband, the high Peak to Average Ratio (PAPR) inherent in 

these modulation schemes result in degradation of the Power 

Added Efficiency (PAE) of the transmitter [3].  

RF Frontend 

Communication 

system

DC Power

RF Output

Heat dissipated 

Baseband 

input

 

Figure 1. Primary contributor of heat dissipation 

in the RF-frontend of a communication system. 

The Figure-1 depicts the primary contributor of heat 

dissipation in the RF-frontend of a communication system. 
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Although, the amplitude variation in the signal helps 

improving the spectral efficiency of the signal, it has an 

impact on the power efficiency of the system. 

In-order to achieve good spectral and energy efficiency, 

linearization and efficiency enhancement techniques need to 

be incorporated in the transmitters [3]. Some of the well-

known techniques include Out-phasing transmitters, also 

commonly known as LINC transmitters, Doherty transmitter, 

Envelope tracking transmitters, etc. From the literature, it was 

found that efficiency and linearity enhancement techniques 

are not very commonly used in nanosatellites. This could be 

primarily because, the use of spectral efficient modulation 

schemes in nanosatellite missions is very recent and 

implementation of efficiency and linearity enhancement 

techniques involves an implementation complexity and is not 

a commercially off-the-shelf approach. 

In this paper, a simple implementation of out-phasing 

transmitter using two circularly polarized antennas is 

discussed. The preliminary research conducted in [4], where 

out-phasing/LINC transmitter was implemented for APSK 

modulation schemes show a very good improvement in 

performance, it was also proposed in the future works that a 

cross-dipole fed through a 90 degrees hybrid (Turnstile 

antenna) could be an option to transmit the two constant 

envelope signals S1(t) and S2(t) on two different 

polarizations.  

This paper is organized as follows: Section 2 discusses some 

of the techniques to improve the PAPR of existing modulation 

schemes using 16-APSK as an example. Section-3 introduces 

out-phasing transmitter architecture from literature, some of 

the commonly used power combining techniques. The 

proposed transmitter architecture to improve PAE is 

discussed in Section 4. The antenna design and its 

performance in the context of the proposed architecture is 

discussed in Section-5, Inferences made out of the simulations 

are discussed in Section-6 and the conclusions are presented 

in Section-7. 

2. MODULATION SCHEMES 

One of the methods to improve the PAE of the RF-frontend is 

by minimizing the PAPR of the transmitted constellation. The 

PAPR of the standard modulation schemes recommended in 

DVB-S2 and S2X can be improved by polar filtering, this is 

widely discussed in [1]. One of the main drawbacks of polar 

filtering is the bandwidth expansion. This technique could still 

be of interest at mmWave frequencies as large bandwidths are 

available and large PAPR at mmWave frequencies can have a 

larger impact on the PAE of the front-end. Apart from polar 

filtering, another approach discussed here is to optimize the 

radius ratio of the constellations to improve the PAPR and 

then applying polar filtering helps improving the PAPR 

further. A comparison of the radius ratios of 1.75, 2 and 3 for 

16-APSK is performed to determine the improvement in 

PAPR. Figure 2 shows a comparison between normal 16-

APSK and polar filtered 16-APSK for a radius ratio of 1.75. 

In both cases, the individual bits are SRRC filtered with a roll-

off of 0.35.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

Figure 2. 16-APSK with a radius ratio of 1.75, (a) 

Normal 16-APSK, (b) Filtered 16-APSK, (c) CCDF for 

unfiltered 16-APSK, (d) CCDF for filtered, (e) PSD of 16-

APSK, (f) PSD of Filtered 16-APSK.  

The Table 1 summarizes the CCDF (Complementary 

Cumulative Distribution Function) of normal and polar 

filtered 16-APSK for various radius ratios. The CCDF is 

another representation of the PAPR seen by the TX-frontend. 

Table 1 CCDF of unfiltered and polar filtered 16-APSK 

Radius Ratios CCDF of Normal 

16-APSK [dB] 

CCDF of Polar 

Filtered 16-APSK 

1.75 4 dB 1.8 dB 
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2 4.1 dB 2 dB 

3 4.2 dB 2.5 dB 

The change in radius ratio translates to moving the 

constellation symbols either close to each other or away, 

which can lead to a change in the required Eb/N0 (Energy per 

bit to noise spectral density ratio) needed to receive a symbol 

correctly.  

 

Figure 3 Eb/N0 of 16-APSK for various radius ratios in 

relation to QPSK and 16-PSK. 

Figure 3 shows the Eb/N0 of 16-APSK for various radius 

ratios in relation to QPSK and 16-PSK. This is calculated 

based on the Euclidean distance between the symbols in the 

constellation. It can be seen that, although the radius ratio of 

1.75 provides the best CCDF, the closer proximity between 

the symbols in the inner and outer ring increases the required 

Eb/N0 by 1 dB at a BER of 10-5. An optimal radius ratio of 2 

provides the lowest Eb/N0 with the best CCDF of 4.1 dB for 

normal 16-APSK and 2 dB for polar filtered 16-APSK. 

Hence, adopting polar filtering and optimizing the radius ratio 

for CCDF and Eb/N0, helps in achieving lower PAPR and 

results in lower heat dissipation, provided the bandwidth 

expansion is acceptable. The subsequent section discusses 

transmitter architectures that can further help improve the 

energy efficiency of the RF-frontend. 

3. EFFICIENCY AND LINEARITY 

ENHANCEMENT TECHNIQUES 

A classic out-phasing transmitter or also known as LINC 

transmitter uses the technique of converting an amplitude and 

phase modulated signal such as APSK into two constant 

envelope signals and amplifying them separately using 

efficient amplifiers classes such as Class-D, E, F etc and 

combining the amplified signals before radiating it through an 

antenna. The working principle of an out-phasing amplifier is 

shown in the Figure 4. 

The complex amplitude and phase modulated signal S(t) is 

split into S1(t) and S2(t), these individual paths are amplified 

to G.S1(t) and G.S2(t). The two signal paths are then 

combined to obtain G’.S(t). 

 

 The function of a signal component separator (SCS) can be 

explained better using a constellation diagram as shown in 

Figure 5 below: 

 

Figure 5. Function of SCS on 16-APSK 

constellation. 

The S(t) in Figure 5 can be represented as: 

𝑆(𝑡) = 𝑟(𝑡). 𝑒𝑗(𝜔𝑡+𝜑(𝑡)) 

r(t) is the time varying amplitude information and φ(t) is the 

time varying phase information.  

The time varying amplitude information can be represented 

as: 

𝑟(𝑡) = 𝑟𝑚𝑎𝑥 cos(𝜃(𝑡)) 

Or, 

𝑟(𝑡) =
𝑟𝑚𝑎𝑥

2
(𝑒𝑗𝜃(𝑡) + 𝑒−𝑗𝜃(𝑡)) 

Substituting for r(t) in the equation for S(t), we get: 

𝑆(𝑡) =  
𝑟𝑚𝑎𝑥

2
(𝑒𝑗(𝜔𝑡+𝜑(𝑡)+𝜃(𝑡)) + 𝑒𝑗(𝜔𝑡+𝜑(𝑡)−𝜃(𝑡))) 

Figure 4. Conventional out-phasing transmitter 
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Figure 6. Vector plot of a 16-APSK signal (in blue) 

when passed through an SRRC filter and the 

corresponding constant envelope signal (in Red).[4] 

This signal can now be split into two constant envelope 

signals as: 

𝑆(𝑡) = 𝑆1(𝑡) + 𝑆2(𝑡) 

Where: 

𝑆1(𝑡) =  
𝑟𝑚𝑎𝑥

2
(𝑒𝑗(𝜔𝑡+𝜑(𝑡)+𝜃(𝑡))) 

𝑆2(𝑡) =  
𝑟𝑚𝑎𝑥

2
(𝑒𝑗(𝜔𝑡+𝜑(𝑡)−𝜃(𝑡))) 

As it can be seen from the above two equations, S(t) is split 

into two constant envelope signals S1(t) and S2(t) which are 

out of phase by ± θ(t), which is known as the out-phasing 

angle. Hence, the transmitter is named out-phasing 

transmitter. The θ(t) can vary from 0 to ± 900. 

The primary factor that reduces the overall efficiency of an 

out-phasing transmitter is the power combiner stage, since the 

two constant envelope signals that are fed to the power 

combiner are not always in-phase, the efficiency of isolating 

power combiners drop at larger out-phasing angles 

[4][5][6][7]. In order to improve the efficiency of the 

combiner, Chireix combiners were introduced. The literature 

[3][8][9] elaborates the implementation of Chireix combiner.  

A novel concept is addressed in this paper where the two 

constant envelope signals G.S1(t) and G.S2(t) are transmitted 

separately on two different polarizations (RHCP and LHCP) 

and the signals are combined at the receiver to reconstruct the 

original spectral-efficient, non-constant envelope signal. 

Some of the earlier implementations of antenna combiners in 

out-phasing transmitters are discussed in [10][11][12][13], 

unlike the earlier work, the proposed design does not spatially 

combine the signals. In an earlier research carried out by the 

author, such implementation was proposed for cubesats [3]. 

Here the two constant envelope signals were fed to a cross 

dipole through a 90 degrees hybrid, and it was observed that 

the out-phasing angles do not have an effect on the radiation 

pattern of the antenna in the end-fire direction. This concept 

was later demonstrated using dual fed linear polarized patch 

antenna in [14] and it was seen that the overall system 

efficiency improved. Although the proposed architecture in 

this work uses two antennas, one for RHCP and one for 

LHCP, it is possible to use a single dual-circularly polarized 

antenna that has sufficient cross polar discrimination (XPD). 

The subsequent section elaborates the proposed transmitter 

architecture. 

4. PROPOSED TRANSMITTER 

ARCHITECTURE 

The proposed transmitter architecture is a modified Out-

phasing/LINC architecture. A block diagram of the proposed 

transmitter architecture is shown in the Figure 7 below. The 

pulse-shaped IQ waveform is fed to a SCS where the 

waveform is split into two constant envelopes S1(t) and S2(t). 

The S1(t) and S2(t) are upconverted using quadrature mixers 

to the desired frequency and fed to two identical amplification 

paths. The outputs of the driver stage PAs are fed to highly 

efficient non-linear PAs, such as Class-C, D, E or F PAs. 

Since the constant envelope signals do not have amplitude 

variations, peak efficiencies are achieved in the RF-frontend.  

Signal 

Component 

separator

High efficiency 

Non linear PAs

Constant Envelop Signal S1(t)

Constant Envelop Signal S2(t)

RHCP

LHCP

B
as

eb
an

d 
IQ

 a
fte

r P
ul

se
-s
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pi

ng

IQ Mixers

BB to RF

RHCP

LHCP

IQ Mixers
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Signal 
combiner 

(Rx)

RX LNAs

I1

Q1

Q2

I2

I1

Q1

Q2

I2

 

Figure 7. Proposed Tx/Rx architecture using 

polarization diversity. 

One of the main drawbacks of LINC/Out-phasing transmitter 

architecture is, when the non-constant envelope signal is split 

into constant envelope signals, bandwidth expansion occurs 

in the individual signal paths. This can be seen in the output 

power spectrum of S(t), S1(t) and S2(t) shown in Figure 8. 

 

Figure 8. Output power spectrum of S(t) in red, S1(t) 

in blue and S2(t) in green. 

The simulated output spectrum is 6Msps, 32-APSK at 

2250MHz, and pulse shaped with SRRC filter (Roll-off = 

0.35).  

Although, this architecture helps in reducing the PAPR, the 

occupied bandwidth expands in the individual signal paths. 
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As a result of bandwidth expansion, this architecture is not 

suitable at lower frequencies such as UHF, S-band and X-

band. At mmWave frequencies where large bandwidths are 

available, this approach helps in improving the PAE by 

lowering the PAPR at the cost of bandwidth. 

Since the input to signal component separator (SCS) is an 

already pulse shaped IQ waveform and when this waveform 

gets split into constant envelope signals using the equations 

discussed in Section-3, the output waveforms are transformed 

into two constant amplitude waveforms and all the 

information is translated into the phase. This results in 

bandwidth expansion on the individual signal paths. 

One of the methods to overcome bandwidth expansion and 

still use polarization diversity is to perform pulse shaping after 

the SCS. Instead of feeding the SCS with an already pulse 

shaped waveform, the pulse shaping is carried out on the 

output of SCS, namely I1(t), Q1(t), I2(t) and Q2(t). This 

architecture is depicted in the Figure 10. Now the pulse 

shaped waveforms are bandwidth limited and can be 

transmitted separately. 

The simulated output power spectrum of S(t), S1(t) and S2(t) 

is shown in Figure 9. The spectrum in red represents S(t), blue 

represents S1(t) and red represents S2(t). The modulation 

scheme considered for this simulation is 32-APSK at a symbol 

rate of 6Msps, the pulse shaping used is SRRC with a roll-off 

of 0.35.  

The proposed architecture is called HERMES architecture, 

the abbreviation stands for High data-rate Energy and Spectral 

Efficient Radios for Small satellites.  The proposed HERMES 

architecture was simulated in Simulink to validate the full 

chain, the Simulink model is shown in Figure 11. The non-

pulse shaped IQ waveform is sent to a SCS block that 

separates the signal into two constant envelope signals S1(t) 

and S2(t). The signal component separation was implemented 

based on the algorithm proposed in [15].  

 

  

One of the drawbacks seen in HERMES architecture is that 

the pulse shaping done after SCS introduces a PAPR in the 

split waveforms S1(t) and S2(t). This PAPR is introduced 

only due to the pulse shaping filter. The table below shows 

the PAPR of various modulation schemes in comparison with 

the PAPR of S1(t) and S2(t). 

Table 2. PAPR of various modulations schemes in 

comparison with S1(t) and S2(t). 

Modulation 

scheme 

PAPR of 

S(t) (dB) 

PAPR of 

S1(t) (dB) 

PAPR of 

S2(t) (dB) 

16-APSK 4.1 3.2 3.2 

32-APSK 5 3.24 3.3 

64-APSK 6.02 3.2 3.2 

256-APSK 7.14 3.4 3.5 

As can be seen in the table, the PAPR of S1(t) and S2(t) does 

not increase drastically as the spectral efficiency increases. 
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Figure 10. Proposed Tx/Rx architecture using polarization diversity with modified pulse shaping filters. 

 

 

Figure 9. Output power spectrum of pulse shaped S1(t) 

and S2(t) in comparison with S(t). 
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Figure 11. Simulink model to validate end-to-end of the proposed Tx/Rx architecture. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 12. (a) IQ plot of un-filtered baseband input to 

SCS, (b) IQ plot of S1(t), (c) IQ plot of filtered S2(t), (d) 

IQ plot of received signal. 
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5. DUAL POLARIZED ANTENNA DESIGN 

The use of polarization diversity has been demonstrated in 

satellite downlinks as discussed in [2], [16]. For the validation 

of the proposed HERMES architecture, two opposite 

circularly polarized patch antennas are designed at 2250 MHz. 

This frequency was chosen only for the ease of demonstration, 

the architecture can be scaled-up to higher frequencies as 

well. Another approach is to use a single dual circularly 

polarized antenna similar to the X-band choke ring horn 

antenna used in NASA’s SWOT Mission [17]. For such 

antennas, the cross-pol discrimination (XPD) can play a very 

important role in determining the degradation in the 

performance. The XPD is defined as the ratio of co-pol power 

to the cross-pol converted leakage power. As explained in 

[18], in-order to achieve a cross-pol degradation of less than 

1 dB, the XPD needs to be higher than 15dB.  

The designed two circularly polarized patch antennas are 

shown in Figure 13, The individual antenna is a dual-fed 

circular patch antenna is fed through hybrid couplers, the 

feeding network for the two patches is shown in Figure 14. 

The unused port of the hybrid couplers is terminated using a 

50 Ohms load. 

 

Figure 13. Two circularly polarized patch antennas. 

In the feeding network, Port-1 corresponds to RHCP and Port-

2 corresponds to LHCP. The S-parameters seen at the feeding 

network is shown in Figure 15. The S11 and S22 are below -

15dB and more importantly, the isolation between Port-1 and 

Port-2 is less than -30 dB. This is important, because the two 

waveforms are separated by an out-phasing angle ±θ(t) and 

when the two signals are separated by large out-phasing 

angles, the isolation helps in the RF-frontend see the same 

impedance (the reactance part does not change).  

 

Figure 14. Antenna feeding network. Port-1 

corresponds to RHCP, Port-2 corresponds to LHCP. 

 

Figure 15. S-parameters as seen at the feeding network. 

As the out-phasing angles change by ±θ(t), it can have an 

impact on the radiation patterns of the two antennas, this is 

depicted in Figure 16 and Figure 17.  

 

Figure 16. Radiation pattern of RHCP antenna for out-

phasing angles: 0, 30, 60 and 90 deg. 
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Figure 17. Radiation pattern of LHCP antenna for the 

out-phasing angles: 0, -30, -60, -90 deg. 

It can be noticed in the radiation patterns, the change in out-

phasing angels do not cause the gain to vary in the end-fire 

direction. This helps in using this two-antenna concept for the 

proposed transmitter architecture. 

One other parameter that can have an influence on the 

performance of the system is the XPD of the two antennas. 

Figure 18 and Figure 19 show the XPD of the two antennas. 

 

Figure 18. XPD of RHCP antenna at Phi = 0 and Phi = 

90 deg. 

 

Figure 19. XPD of LHCP antenna at Phi=0 and Phi=90 

deg. 

As can be seen from the plots, the XPD of both the antennas 

are ~19dB which is better than the expected 15dB, this results 

in a cross-pol degradation of less than 1dB[18].  

6. SUMMARY 

The adoption of spectral efficient modulation schemes in 

small satellite missions have become common, resulting in the 

need for power efficient RF-frontends. The large PAPR of 

spectral efficient modulation schemes pose a challenge on the 

RF frontend to amplify the signal with minimal distortion and 

at the same time achieve high PAE. Although linear PAs can 

amplify the signal with minimal distortion, the large PAPRs 

would result in large heat dissipation. Thus, small thermal 

mass of small satellites has resulted in investigating efficiency 

and linearity enhancement techniques to reduce the issue of 

heat dissipation. Although there are well known efficiency 

and linearity enhancement techniques, this paper addresses 

the possibility to improve the PAR of the RF-frontend by 

changing the radius ratio of the constellation points and 

performing polar filtering. The 16-APSK is used as an 

example and it was observed that although lower radius ratio 

results in lower PAPR, a radius ratio below 2 for 16-APSK 

worsens the Eb/N0. With polar filtering, although good PAPR 

is achieved, it comes at the price of bandwidth expansion. 

This might not be a bad option to consider at mmWave 

frequencies as large bandwidths are available.  

The second part of this paper addresses radio architectures 

that can improve the PAE of the RF-frontend. A novel concept 

of polarization diversity was introduced in combination with 

modified LINC/Outphasing architecture. The proposed 

architecture is called HERMES. In this paper, the feasibility 

of HERMES architecture is validated using simulations and 

some of its implementation challenges were highlighted. 

Based on the simulation results, it was observed that this 

architecture suited better for higher order modulation schemes 

such as 64-APSK or 256-APSK compared to the lower order 

schemes such as QPSK, 16-APSK or 32-APSK. This is 

because the PAPR of the individual transmit paths remain 

between 3 to 3.5dB irrespective of the order of the modulation 

scheme and for higher order modulation scheme such as 256-

APSK, which has a PAPR of 7.14 dB, the resultant PAPR is 

3.5 dB in this individual transmit paths. This is ~3.5 dB 

improvement in the power back-off that the RF frontend has 

to handle. Since the performance of this system is highly 

dependent on line-of-sight communications, this architecture 

could be used for high data-rate space-to-earth links or Inter-

satellite links.  

One of the main components in implementing HERMES 

architecture is the dual circularly polarized antennas. In this 

paper, two opposite circularly polarized antennas were 

designed at S-band. The simulations validate that an XPD 

higher than 15 dB can be achieved using this configuration. 

This results in cross-pol degradation of less than 1dB. It was 

also validated that the change in out-phasing angles does not 

affect the gain along the end-fire direction, hence suitable to 

transmit two out of phase signals simultaneously. As the next 

steps this architecture will be tested in a lab with non-linear 
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components such as RF-PAs to better determine the system 

level performance. 
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