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 
Abstract— This paper presents a signal generator and a Digital 

Beamforming Receiver (DBR) with high phase control resolution 
and high beam control resolution, respectively. The signal 
generator is designed based on a Direct Digital Synthesizer (DDS) 
and a Phase Lock Loop (PLL). In the DDS-PLL signal generator, 
the conventional divider in PLL is replaced with a mixer, comb 
generator, and a doubler to utilize high phase control resolution of 
DDS (14bit, 0.022°) as it is and to synchronize the DDS-PLL signal 
generator with the entire system. In the DBR, the output signals of 
the DDS-PLL signal generators are used as the second Local 
Oscillator (LO) signal, and the beamforming technique is 
implemented through the change of the phase of the second LO 
signals. Also, for sophisticated beamforming, all signal generator 
components in the DBR are synchronized for generating same and 
fixed frequency and phase. Finally, the DBR has the same phase 
control resolution as the DDS, and the phase of each chain of the 
DBR can be adjusted up to 0.022° (14 bit). The DBR using the 
DDS-PLL signal generator is designed and fabricated. The DBR 
consists of a 1X8 array Tapered Slot Antenna (TSA) part, a 1st and 
2nd frequency conversion part, a 1X8 data acquisition and 
combiner part, DDS-PLL signal generator part, and a reference 
signal generator part. The phase control performance of the DBR 
was verified by measuring the phase change of the chain in the 
DBR according to the DDS phase change. Also, to verify the 
beamforming performance of the DBR with high beam control 
resolution, the radiation pattern of the DBR when the angle of the 
main lobe was 0°, 0.2°, 0.4°, 15°, and 30° was measured in the 
28GHz band. At the main lobe, the gain error is within 1dB and 
the beam angle error is within 0.2 degrees. The simulation results 
are in good agreement with the measured results. A high 
resolution beamforming performance is achieved in the DBR using 
the DDS-PLL signal generator.  
 

Index Terms—Digital Beamforming, Phase Locked Loop(PLL), 
Direct Digital Synthesizer(DDS), millimeter-wave(mmW), 5G 
mobile Communication  

I. INTRODUCTION 

ECENTLY, there is growing interest in 5G mobile 
communication-related technology. In 5G mobile 
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communication, mm-Wave band that can secure a wide 
bandwidth is used for low-latency, ultra-high-speed, and super-
connectivity [1]. The signal at the mm-wave band has a high 
path-loss, which brings great difficulty in transferring and 
receiving the data to a remote area. In order to overcome the 
difficulty, an array antenna with high gain using hundreds or 
thousands of arrays was introduced [2]-[5]. However, while the 
array antenna has a high gain, the beam width is very narrow, 
so it is impossible to transmit and receive communication data 
to objects in a wide angle range. As a solution to this problem 
in 5G mobile communication, beamforming technique that can 
adjust the angle of a beam has attracting attention [6]-[9]. 
Because of the sharp beam of array antenna, unlike previous 
mobile communication (3G/4G), beamforming technique for 
5G mobile communication requires accurate and precise beam 
control performance in order to find targets for data 
transmission and reception without blind angle. Also, the 
beamforming technique requires the removal of unwanted 
directional signals in order not to affect other targets [10]-[12]. 
Recently, in order to implement such a beamforming technique, 
studies on hybrid beamforming and digital beamforming 
structures have been conducted [13]-[18].  
 

   
 

Fig. 1. The hybrid beamforming architectures 

 
Hybrid beamforming as shown in Fig. 1 is a structure in which 
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analog beamformers are placed before or after the RF stage 
according to the desired design purpose. After changing the 
phase of each chain at the analog beamformer, several chains 
are partially bundled by an analog combiner to send signals to 
the baseband. This structure has the advantage of reducing the 
complexity of the baseband stage (ADC, DSP, etc.) and making 
it easier to implement. However, in the hybrid beamforming 
structure, a chip-based phase shifter (analog beamformer) with 
low phase control resolution (4~6bit) is generally used [19]-
[21]. When using 4 bit phase shifter, the minimum beam 
adjustment angle is 5° or more, and when using 6 bit phase 
shifter, the beam adjustment angle is 1.14° or more. Therefore, 
a beam control resolution limit exists, and there are blind angles 
[16]. Also, since the chains are bundled together, the signals of 
all chains cannot be controlled and processed. In conclusion, 
because of the disadvantages of low beamforming resolution 
and low degree of freedom in signal processing, the hybrid 
beamforming structure alone is not suitable for use in 5G 
mobile communication that requires high beamforming 
performance. 
 

 
 

Fig. 2. The digital beamforming architectures 

 
Unlike hybrid beamforming structure, since digital 

beamforming structure, Fig. 2, has a baseband stage (ADC, 
DSP, etc.) that collects digital signals of individual chain, the 
digital beamforming structure has a high degree of freedom in 
signal processing, and has the advantage of implementing high-
resolution beamforming. However, the baseband stage of 5G 
mobile communication needs to collect a large number of 
signals from numerous chains, and these massive signals must 
be processed at the baseband stage. So, a high-performance 
baseband stage is required, and this is the limiting factor of the 
high performance digital beamforming implementation [11], 
[22-24]. A theoretically high-performance digital beamforming 
structure in reality has a limited beamforming resolution due to 
low performance baseband stage [13]. Recent researches on 
reducing the specifications of the baseband stage are being 
conducted for low complexity of the baseband stage, but 
reducing the specification of the baseband stage inevitably 
lowers the beam resolution performance of digital beamforming 
[25]-[28]. From this point of view, in 5G mobile 
communication, even when a low-performance baseband stage 
is used, it is necessary to achieve a high beamforming resolution 
of the DBF while still using the advantages of digital 
beamforming (high degree of freedom in signal processing). By 

shifting the beamforming from the digital domain, which is 
limited by the low performance of the baseband stage, to a high 
beamforming technique in the analog domain, it is possible to 
maintain high beamforming resolution and reduce the 
complexity of the baseband stage [13], [29]. 

In order to implement high phase control in the analog 
domain, several beamforming techniques using a DDS with 
much higher phase control resolution performance (generally 
14bits or more, 0.022°) than the chip-based phase shifter have 
been proposed [30]-[33]. 

 
TABLE I 

COMMERCIAL DDS SPECIFICATIONS  
MODEL FREQUENCY RANGE PHASE CONTROL RESOLUTION

AD9914 < 1.75GHZ 16BIT

AD9915 < 1.25GHZ 16BIT

AD9959 < 0.25GHZ 14BIT

AD9854 < 0.15GHZ 14BIT

AD9913 < 0.125GHZ 14BIT

 
In [30], a system capable of multi-beamforming was 

implemented by directly connecting only the DDS to the system. 
However, as shown in Table I, since the output frequency of the 
DDS is usually low, it is impossible to use it in the high 
frequency band when the DDS is directly used. Therefore, this 
structure has a drawback of frequency limitation and is difficult 
to apply to 5G mobile communication using the mm-Wave 
band. 

In [31]-[32], beamforming technique was implemented using 
the DDS and PLL structures to overcome the frequency 
limitations of the DDS. 

 

 
 

Fig. 3.The DDS-PLL block diagram in [31] 

  
The structure used in [31] is shown in Fig. 3. In this case, the 

frequency of the VCO output signal is divided using a 
frequency divider to compare with the DDS output signal, and 
then down-converted again using a mixer. After the phase and 
frequency of the mixed signal are compared with the phase and 
frequency of the DDS output signal, finally, the phase of the 
VCO output signal is locked to the phase of the DDS. The 
locked VCO output signal (𝑆௩௖௢) from the phase perspective is  

 
 𝑆௩௖௢ ൌ 𝑒௝ሾே∗൫௪೏೏ೞା௪ೝ೐೑൯∗௧ାே∗∅೏೏ೞାே∗∅ೝ೐೑ሻሿ (1)

 
where 𝑤ௗௗ௦ and ∅ௗௗ௦ are the angular frequency and the phase 
of the DDS output signal, 𝑤௥௘௙  and ∅௥௘௙  are the angular 
frequency and the phase of the offset oscillator output signal, N 
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is the value of the frequency divider. When the phase of the 
DDS output signal is changed as ∆∅ௗௗ௦ , the VCO output 
signal(∆𝑆௩௖௢) is 

 ∆𝑆௩௖௢ ൌ 𝑒௝ሾே∗൫௪೏೏ೞା௪ೝ೐೑൯∗௧ାே∗∅೏೏ೞାே∗∆∅೏೏ೞାே∗∅ೝ೐೑ሻሿ (2)

 
where ∆∅ௗௗ௦ is the phase change of the DDS output signal. In 
(2), the phase of the VCO output signal is changed by the 
product of the phase change of the DDS output signal and the 
frequency divider value (  𝑁 ∗ ∆∅ௗௗ௦ ). When the frequency 
divider is used in the PLL structure, the phase control resolution 
is multiplied by the frequency divider value. Therefore, this 
structure has the disadvantage that it cannot use the high phase 
control resolution of the DDS. 

In [32], it is proposed that the problem in [31] can be 
overcome by using an R counter. When R counter and N 
counter have the same value, the phase change of the VCO 
output signal becomes the same as the phase change of the DDS 
output signal. However, since the R and N counters use the 
same value, the PLL structure’s input frequency and output 
frequency are the same, so it has a frequency limitation for the 
same reason as [30]. 

In [33], the beamforming technique is implemented using the 
DDS image signal. Specifically, in order to generate a high 
frequency band signal, unnecessary image frequency was 
removed using a band pass filter, and an image frequency signal 
located in the 6th nyquist zone was used. In this method, 
because the amplitude of the image signals is subject to sin(x)/x 
amplitude variation with frequency, the amplitude level of the 
image signals is lower than the original signal. On the other 
hand, the noise remains the same. Therefore, only power is 
lowered at the carrier frequency, so the signal characteristics 
(SFDR/SNR/phase noise) get worse [34]. Therefore, this 
method is also difficult to use for 5G mobile communication 
because the quality of the received signal is deteriorated by 
using the poor quality signal in the system.  

The beamforming techniques using the DDS in [30]-[33] are 
suitable for specific fields, but it is difficult to implement the 
beamforming technique with high phase control resolution 
performance in a 5G mobile communication band due to the 
frequency constraints and the deterioration of the phase control 
resolution. Therefore, a new type of beamforming technique 
using DDS is essential for high phase control resolution in 5G 
mobile communication. In this paper, to implement a digital 
beamforming structure with the high beam control resolution at 
the 5G mobile communication band, a Digital Beamforming 
Receiver (DBR) with full advantages of the DDS is proposed. 

This paper is organized as follows. In section II, the principle 
and architecture of the DBR are explained. It also describes a 
DDS-PLL signal generator without frequency constraints and 
deterioration of the phase control resolution. Section III 
discusses each part of the DBR in detail. In section IV, the 
measurement settings are explained, and the beamforming 
performance of the DBR is verified. Finally, the conclusion is 
in section VI. 

II.  PRINCIPLE AND ARCHITECTURE OF THE DBR USING THE 

DDS-PLL SIGNAL GENERATOR 

A. The principle and architecture of the DBR with high 
beam control resolution 

 

 
 

Fig. 4.The simple block-diagram of the beamforming architecture 

 
The simple architecture of the DBR is shown in Fig. 4. In 

order to down-convert the Radio Frequency (RF) signal to the 
baseband signal, two mixers are placed and two LO signals are 
required. In this architecture, the principle in which digital 
beamforming is implemented is as follows. 

In Fig. 4, the RF received signal (𝑆௥௙) and the 1st LO signal 
(𝑆௅ைଵ) are 

 𝑆௥௙ ൌ 𝐴௥௙𝑒௝ሺ௪ೝ೑∗௧ା∅ೝ೑ሻ (3)

   
 𝑆௅ைଵ ൌ 𝐴௅ைଵ𝑒௝ሺ௪ಽೀభ∗௧ା∅ಽೀభሻ (4)

where 𝐴௥௙ and 𝐴௅ைଵ are the amplitude of the RF received signal 
and the 1st LO signal, 𝑤௥௙ and 𝑤௅ைଵ are the angular frequency 
of the RF received signal and the 1st  LO signal, ∅௥௙ and ∅௅ைଵ 
are the phase of the RF received signal and the 1st LO signal. 
After passing through the 1st mixer, the 1st IF signal (𝑆ூிଵ) and 
the 2nd LO signal (𝑆௅ைଶ) are 

 
 𝑆ூிଵ ൌ 𝐴ூிଵ𝑒௝ሾሺ௪ೝ೑ି௪ಽೀభሻ∗௧ା∅ೝ೑ି∅ಽೀభሿ (5)

 
 𝑆௅ைଶ ൌ 𝐴௅ைଶ𝑒௝ሺ௪ಽೀమ∗௧ା∆∅ಽೀమሻ (6)
 

where 𝐴ூிଵ and 𝐴௅ைଶ are the amplitude of the 1st IF signal and 
the 2nd LO signal, 𝑤௅ைଶ and ∆∅௅ைଶ are the angular frequency 
and the phase of the 2nd LO signal. The last 2nd IF signal (𝑆௜௙ଶሻ 
is  

 

𝑆௜௙ଶ ൌ 𝐴௜௙ଶ𝑒௝ሺ൫௪ೝ೑ି௪ಽೀభି௪ಽೀమ൯∗௧ା൫∅ೝ೑ି∅ಽೀభି∆∅ಽೀమ൯ (7)

 
where 𝐴௜௙ଶ is the amplitude of the 2nd IF signal. As indicated in 
(7), it can be confirmed that the phase of the 2nd LO signal 
affects the phase of the final received signal. If the phase of the 
1st LO signal is fixed, it is possible to adjust the phase of the 
entire received signal by adjusting the phase of the 2nd LO 
signal. In the case of using this beamforming architecture, the 
phase adjustment performance of the 2nd LO signal becomes 
that of the entire received signal. Therefore, the phase control 
performance of the 2nd LO signal generator is important in this 
beamforming architecture. 

Also, it is important to synchronize all signal generators 
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inside the beamforming architecture in order to implement 
sophisticated beamforming. As shown in Fig.4, three signal 
generator components (1st LO signal, 2nd LO signal and ADC 
sampling clock signal) are required per chain. Therefore, since 
the beamforming system is generally composed of multiple 
chains, a large number of signal generators exists in this 
beamforming architecture. When all signal generator are not 
synchronized with each other, two problems occur while 
implementing beamforming technique. The first problem in 
beamforming is caused by the frequency offset by several Hz 
between each chain. The un-synchronized oscillators could 
generate signal differ by several Hz depending on the external 
environment such as temperature, voltage current, etc [35]-[38]. 
and make beamforming impossible. The second problem is that 
it is difficult to realize accurate beamforming due to the phase 
difference between the signals sampled in each chain. Because 
if the sampling clocks between ADCs do not match, the timing 
at which the signals are sampled is different. As a result, a phase 
difference occurs between the sampled signals of each chain 
[39]. Therefore, in order to solve the above-mentioned 
problems in this beamforming architecture, it is very essential 
to synchronize all signal generator components. 

B. The Principle and architecture of the DDS-PLL Signal 
Generator with High phase control resolution 

To implement the aforementioned beamforming architecture 
with high beam control resolution, it is essential to develop the 
2nd LO signal generator with high phase control resolution and 
a structure capable of synchronizing with the entire system. In 
the proposed DBR, a phase control technique with high phase 
control resolution is implemented using a signal generator 
based on a DDS and a PLL. As explained in the introduction, 
the frequency divider in the PLL structure adversely affects the 
phase control performance of the DDS-PLL signal generator. 
Therefore, the frequency divider is removed and instead a mixer 
is used for down-converting the frequency of the VCO output 
signal. Also, for providing the LO signal of the mixer and 
synchronizing the DDS-PLL signal generator to the entire 
system, a comb generator and a frequency multiplier are used 
to convert a synchronized low frequency reference signal to a 
synchronized high frequency LO signal of the mixer in the PLL. 

 

 
 

Fig. 5. The block diagram of the DDS-PLL signal generator in the proposed 
DBR. 

 

Fig. 5 shows the block diagram of the DDS-PLL signal 
generator. In the PLL of the DDS-PLL signal generator, two 
reference signals are required, unlike the existing PLL structure. 
The first reference signal ( 𝑆௥௘௙ଵ ) is required for phase 
comparison in the Phase Frequency Detector (PFD), and the 
second reference signal ( 𝑆௥௘௙ଶ ) is used to generate the 
synchronized LO signals of the mixer.  

 In the DDS-PLL signal generator, the principle of the phase 
control technique is as follows. The 2nd reference signal for 
generating the LO signal of the mixer is 

 
 𝑆௥௘௙ଶ ൌ 𝐴௥௘௙ଶ𝑒௝ሺ௪ೝ೐೑మ∗௧ା∅ೝ೐೑మሻ (8)

 
where 𝐴௥௘௙ଶ , 𝑤௥௘௙ଶ  and ∅௥௘௙ଶ  are the amplitude, angular 
frequency, and phase of the 2nd reference signal. The signal that 
passing through the frequency multiplier and comb generator is 

 
 𝑆௖௢௠௕ ൌ 𝐴௖௢௠௕𝑒௝ሺே∗௪ೝ೐೑మ∗௧ାே∗∅ೝ೐೑మሻ (9)
 

   where 𝐴௖௢௠௕ is the amplitude of the signal passing through 
the frequency multiplier and comb generator, N is the value 
multiplied by the frequency multiplier value and multiplied 
value of the comb generator. This output signal (𝑆௖௢௠௕ሻ and the 
VCO output signal are mixed in the mixer, and a signal (𝑆௠௜௫௘ௗ) 
having a frequency similar to that of the 1st reference signal is 
generated before the PLL is locked. The signal is compared 
with the 1st reference signal in the PFD. The 1st reference signal 
and the mixed signal are 

 
 𝑆௥௘௙ଵ ൌ 𝐴௥௘௙ଵ𝑒௝ሺ௪ೝ೐೑భ∗௧ା∅ೝ೐೑భሻ (10)

 

𝑆௠௜௫௘ௗ ൌ 𝐴௠௜௫௘ௗ𝑒௝ሾ൫ே∗௪ೝ೐೑మି௪ೡ೎೚൯∗௧ାே∗∅ೝ೐೑మି∅ೡ೎೚ሻሿ (11)

 
where 𝐴௥௘௙ଵ , 𝑤௥௘௙ଵ  and ∅௥௘௙ଵ  are the amplitude, angular 
frequency, and phase of the 1st reference signal, 𝑤௩௖௢ and ∅௩௖௢ 
are the angular frequency and phase of the VCO output signal 
and 𝐴௠௜௫௘ௗ is the amplitude of the mixed signal. Finally, when 
the VCO output signal is locked to the 1st reference signal, the 
phase and frequency of the output signal of the mixer become 
equal to the phase and frequency of the 1st reference signal. 

 
 𝑆௠௜௫௘ௗ ൌ 𝑆௥௘௙ଵ (12)
 

Finally, the VCO output signal is 
 
 𝑆௩௖௢ ൌ 𝐴௩௖௢𝑒௝ሾ൫ே∗௪ೝ೐೑మି௪ೝ೐೑భ൯∗௧ାே∗∅ೝ೐೑మି∅ೝ೐೑భሻሿ (13)

 
where 𝐴௩௖௢ is the amplitude of the VCO output signal. When 
the phase of the 1st reference signal is changed, the 1st reference 
signal is 

 
 𝑆௥௘௙ଵ ൌ 𝐴௥௘௙ଵ𝑒௝ሺ௪ೝ೐೑భ∗௧ା∅ೝ೐೑భା∆∅ೝ೐೑భሻ (14)

 
where ∆∅௥௘௙ଵ is the phase change of the 1st reference signal. 
When the phase of the 1st reference signal is changed, the VCO 

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on January 27,2022 at 01:23:51 UTC from IEEE Xplore.  Restrictions apply. 



0018-926X (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2021.3111334, IEEE
Transactions on Antennas and Propagation

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

5

output signal is 
 

𝑆௩௖௢ ൌ 𝐴௩௖௢𝑒௝ሾ൫ே∗௪ೝ೐೑మି௪ೝ೐೑భ൯∗௧ାே∗∅ೝ೐೑మି∅ೝ೐೑భି∆∅ೝ೐೑భሿ   (15) 
 
As shown in (15), it can be confirmed mathematically that the 
phase change of the VCO output is same as the phase change of 
the 1st reference signal. Therefore, when the 1st reference signal 
is provided by a signal generator capable of phase adjustment 
with high phase control resolution and the 2nd reference signal 
is provided by a signal generator synchronized to the entire 
system, the VCO output signal can be accurately and finely 
adjusted. 

III. DESIGN OF THE DBR  

A. System Architecture 

The full architecture of the proposed DBR is shown in Fig. 6. 
The proposed DBR is designed using the principle and 
architecture of the digital beamforming technique and the DDS-
PLL signal generator described in Section II. The DBR has 8 
chains, and each chain consists of the TSA array part, 1st & 2nd 
frequency conversion part, and data acquisition & combiner 
part. And, as a key part of the DBR, there are the DDS-PLL 
signal generator part and the reference signal generator part.  

In order to synchronize the entire system, the reference signal 
generator part generates reference signals by using a frequency 
doubler and a divider from the output signal of a 100MHz 
oscillator. The DDS-PLL signal generator part consists of DDS 
and PLL, and the output signals are controlled by the DDS with 
high phase control resolution and are synchronized by the 
reference signals from the reference signal generator part. The 
1X8 Array TSA is composed of 8 element antennas and serves 
to receive RF signals. In the 1X8 1st Frequency conversion part, 
consist of the Low Noise Amplifiers (LNAs), filters, mixer, and 
frequency doublers, the signal received through the 1x8 array 
TSA is amplified by LNA, and then is mixed with the 1st LO 

signal synchronized by the signal of the reference signal 
generator part. After passing the 1X8 1st Frequency conversion 
part, the RF signal is down-converted into the 1st IF signal. In 
the 1X8 2nd frequency conversion part, consist of the attenuators, 
filters, amplifiers, and mixers, unnecessary signals included in 
the 1st IF signal are removed by using filters and attenuators, 
and the 1st IF signal is down-converted to the 2nd IF signal using 
the 2nd LO signal from the PLL-DDS signal generator part. In 
this down-conversion process, beamforming is implemented by 
controlling the phase of the 2nd LO signal with high phase 
control resolution. In the 1X8 Data Acquisition & Combiner 
part, the 2nd IF signal is sampled as a digital signal through an 
ADC in the SDR, and unnecessary signals are removed through 
a digital band pass filter (BPF). Finally, the signals received 
from each chain are combined by the digital combiner.  
For each of the parts described above, all signal generator 

components are synchronized with each other by using the 
reference signal generator part, and the phase of the entire 
received signals of the DBR is controlled by adjusting the DDS-
PLL signal generator part. Finally, the proposed DBR can have 
accurate and precise beamforming performance with high beam 
control resolution. Details of each part are described below. 

B. The DDS-PLL Signal Generator Part 

The DDS-PLL signal generator part architecture is shown in 
Fig. 7. The DDS-PLL signal generator part is composed of 8 
chains to apply for 8 chains of the DBR. Two DDS (AD9959) 
are used and synchronized with each other by the reference 
signals generated from the reference signal generator part. 
Synchronized DDS output signals are used as the 1st reference 
signals in Fig. 5, and the reference signals generated in the 
reference signal generator part of the DBR are used as the 2nd 
reference signals in Fig. 5. The frequency and output power of 
the DDS-PLL signal generator are 3.5GHz and about 9dBm as 
shown in Fig. 8. Comparing with the specifications of the 2nd 
frequency conversion part in Table V, it can be confirmed that 

Fig. 6. The full architecture of the DBR using DDS-PLL signal generator. 
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the output power of the DDS-PLL signal generator part is 
suitable for use in the 2nd frequency conversion part. Also, the 
measured phase noise of the DDS-PLL signal generator from 
10 kHz to 10 MHz is shown in Fig. 9. The loop filter of the PLL 
has a loop bandwidth about of 20kHz and is designed for 
reliable spur removal by considering the specs of its 
components (VCO, charge pump, etc.) in the DDS-PLL signal 
generator. The phase noise values at the main frequencies are 
listed in Table II. Comparing the phase noise of the PLLs of [40] 
and [41] in similar frequency bands, it can be confirmed that the 
DDS-PLL signal generator has good phase noise characteristics.  

 

          
 

Fig. 7. The block diagram of the DDS-PLL signal generator. 
 

 
 

Fig. 8. The measured output power of the DDS-PLL signal generator. 

 

 
 

Fig. 9. The measured phase noise of the DDS-PLL signal generator. 
 

TABLE II 
THE PHASE NOISE OF THE DDS-PLL OUTPUT 

PHASE NOISE 
FREQUENCY PHASE NOISE[DBC/HZ]

10KHZ -110.5
100KHZ -122.3
1MHZ -142.4
10MHZ -152.6

 

 
 

Fig. 10. 2nd IF signal measurement setup 
 
In order to confirm the phase control performance of the DDS-

PLL signal generator, the phase change of the 2nd IF signal of 
the DBR with the phase change of the DDS output signal is 
measured. The reason for measuring the phase of the 2nd IF 
signal without measuring the phase of the output signal of the 
DDS-PLL signal generator is that it is difficult to measure the 
phase of a signal in the frequency band above 1GHz unless 
expensive measurement equipment is used. Unlike the output 
signal of the DDS-PLL signal generator, the 2nd IF signal has a 
frequency of 1 GHz or less, and as described in section II, the 
phase of the 2nd IF signal is changed in the same as the phase 
change of the DDS output signal. Therefore, by measuring the 
phase change of the 2nd IF signal according to the phase change 
of the DDS output signal, the overall phase control performance 
of the DDS-PLL signal generator and the DBR can be verified. 
In Fig. 10, the 2nd IF phase measurement setup consists of an 
RF signal generator that generates an RF signal within the 
system dynamic range and bandwidth, a chain of DBR, and an 
oscilloscope that measures the 2nd IF phase. The RF signal 
generated from the RF signal generator passes through one 
chain of DBR, and the phase change of the 2nd IF signal 
according to the phase change of the DDS output signals is 
measured by the oscilloscope. 
 

TABLE III 
            DDS PHASE CHANGE & MEASURED PHASE CHANGE [UNIT : DEGREE] 

DDS PHASE CHANGE 
MEASURED  2ND IF  

PHASE CHANGE

1.0107 1
2.0214 2
3.0102 3
4.0210 4
5.0010 5
6.0205 6
7.0092 7
8.0200 8
9.0087 9
10.0195 10
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Table III show the measurement results of the phase change of 
the 2nd IF signal with the phase change of the DDS output signal. 
Since the measurable phase resolution of the owned 
oscilloscope is 0.5° or more, the measurement is conducted with 
phase changes at 1° interval. Through the measurement results, 
it can be confirmed that the phase change of the 2nd IF output 
signal is almost the same as the phase change of the DDS output 
signal. If precise measuring equipment is used, it would be 
possible to verify high phase control performance of the DDS-
PLL signal generator part of about 0.02°. 

C. Reference Signal Generator Part 

The reference signal generator part serves to synchronize all 
signal generator components in the DBR. As shown in Fig. 6, 
the base signal of the reference signal generator part is 
generated in the 100MHz source, and ten 10MHz signals and 
eight 200MHz signals are generated from the base signal. The 
signals are used as reference signals of signal generator 
components. The frequency of the base 100MHz signal is firstly 
divided by 1/10 to generate a 10MHz reference signal. After the 
10MHz reference signal passes through the 1:10 divider, the 
10MHz reference signals are distributed to each part that needs 
a reference signal. The 1:10 divider not only serves as a signal 
distribution, but also serves to control the power of the signals 
to the power required for each part. The distributed 10MHz 
signals are used as reference signals of signal generators 
generating a reference signal of the DDS and the 1st LO signal 
of the 1st frequency conversion part. Also, the 10MHz signals 
are used as each ADC sampling clock. Secondly, the base 
100MHz signal passes through the frequency doubler and the 
1:8 divider and is converted into eight 200MHz signals. Like 
the 1:10 divider, the 1:8 divider not only serves as a signal 
distribution, but also serves to control the power of the signals 
to the power required for each part. These eight 200MHz 
signals are used as reference signals for generating 
synchronized LO signals inside the PLL of the DDS-PLL signal 
generator part. In this way, all clock signals and reference 
signals are synchronized to the base 100MHz signal, and the 
aforementioned problems in Part II can be solved.  

D. 1X8 1st & 2nd Frequency Conversion Part 

In the DBR, the 1st frequency conversion part consists of 8 
Low Noise Blocks (LNBs). The LNBs perform the role of 
down-converting the RF signal to the 1st IF signal and 
amplifying the RF signal while reducing noise. Since the phase 
and frequency of the 1st LO signals affect the entire system in 
beamforming, the synchronized signals should be used as the 
LO signals. In order to generate the LO signals having same and 
fixed phase and frequency, one signal synchronized by the 
reference signal generator part is divided into 8 signals using a 
1:8 divider, and the 8 signals are used as the LO signals. The 
specifications for the LNB used are given in Table IV and the 
LNB has adequate performance at 28GHz band (5G mobile 
communication band). 

The 2nd frequency conversion part down-converts the 1st IF 
signal to the 2nd IF signal and serves to change the phase of the 
received signal in each chain of the DBR. As the LO signals of 

the 2nd frequency conversion part, the output signals of the 
DDS-PLL signal generator part capable of phase shift are used. 
The 2nd frequency conversion part was designed and fabricated 
considering the performance of the DDS-PLL signal generator 
part and the 1st frequency conversion part. To confirm the 
performance of the fabricated 2nd frequency conversion part, 
major parameter measurements were performed. The 
measurement results are shown in Table V and it can be 
confirmed that when the 2nd frequency conversion part is 
connected with the 1st frequency conversion part and the DDS-
PLL signal generator, the 2nd frequency conversion part has an 
appropriate frequency band and suitable LO signal required 
power.  

TABLE IV 
THE SPECIFICATION OF THE 1ST CONVERSION PART 

THE SPECIFICATION 
MANUFACTURER ANALOG DEVICES

MODEL NUMBER HMC1065LP4E
RADIO FREQUENCY (GHz) 27 ~ 34

LOCAL OSCILLATOR  FREQUENCY (GHz) 11.5 ~ 19
LOCAL OSCILLATOR POWER(DBM) -4 ~ 4

IF FREQUENCY(GHZ) DC ~ 4
FLATNESS (dB) < 1

CONVERSION GAIN (dB) 12

 
TABLE V 

THE SPECIFICATION OF 2ND CONVERSION PART 
THE SPECIFICATION 

RADIO FREQUENCY (GHz) 2.536 ~ 3.374
LOCAL OSCILLATOR  FREQUENCY (GHz) 3.5

LOCAL OSCILLATOR POWER(DBM) >7
IF FREQUENCY(GHZ) 0.126 ~ 0.964

FLATNESS (dB) < 1
CONVERSION GAIN (dB) 17

E. 1X8 Data Acquisition & Combiner Part  
TABLE VI 

THE SPECIFICATION OF THE ADC 
THE SPECIFICATION 

MODEL MAX5864
RESOLUTION (BIT) 8

SAMPLE RATES (MSPS) 1~20
SNR (dB) 48.6

SINAD (dB) 48.5
SFDR (dBc) 69

 
TABLE VII 

THE SPECIFICATION OF THE SDR 
THE SPECIFICATION 

RECEIVED FREQUENCY (GHz) 0.001 ~ 6
GAIN OF VGA IN IF (dB) 0 ~ 40

GAIN OF VGA IN BASE BAND(dB) 0 ~ 62
SAMPLING RATE (MHz) < 20

FLATNESS (dB) <1
MAXIMUM DYNAMIC RANGE (dB) 75

 
The data acquisition and combination proceed in the Software 

Defined Radios (SDRs). The SDR is composed of Variable 
Gain Amplifiers (VGAs), IQ demodulator, and ADC. The ADC 
specifications used are listed in Table VI. Considering the 
dynamic performance of the ADC (SNR, SINAD, SFDR, etc.) 
that can measure the beamforming performance of the proposed 
DBR, the ADC (MAX5864) was selected and used. The 
measured specification of the SDR is listed in Table VII. Using 
the reference signal generator part of the DBR, the signal 
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generator components inside the SDRs such as the sampling 
clocks and the signal generators are synchronized to the DBR. 
The signals received on each chain are sampled in the ADCs, 
and the sampled signals are combined by the digital combiner 
after passing the digital filter. 

F. The 1X8 Array TSA Part 

Fig. 11-(a) shows the design of the 1X8 array TSA used in 
the antenna part of the DBR. The 1X8 array TSA is designed 
with the same specifications except for the coupler and divider 
on the TSA antenna in [13]. The 1X8 array TSA is composed 
of single antennas, Substrate Integrated Waveguide (SIW) lines, 
and microstrip to SMP transitions. The fabricated 1X8 array 
TSA showed in Fig. 11-(b) is used as the antenna part in the 
DBR. Fig. 12 shows the measured and simulated return loss of 
the element antenna of the 1X8 array TSA. The return losses 
are -10dB or less in the 28GHz band, and the measured results 
are in good agreement with the simulated results. The 
simulation results of the radiation pattern in which the angle of 
the main lobe is 0°, 15°, and 30° are shown in Fig. 13, which 
confirms that the main lobe is adjusted to the desired angle. 

 

       
(a)                                                 (b) 

 

Fig. 11. (a) Structure of the 1X8 array TSA in the simulation and (b) 
Fabricated the 1X8 array TSA. 
 

 
 

Fig. 12. The simulated and measured return loss of the element Antennas-
parameter 

 
 

Fig. 13. The Simulation radiation pattern result of the 1X8 TSA antenna. 

 

G. The overall performance of the DBR  

 

 
(a) 

 

 
(b) 

 

Fig. 14. (a) The fabricated DBR and (b) The measured dynamic range result 
of the DBR. 

 
Fig. 14-(a) shows the fabricated DBR. The phase control 

performance of the DBR has already been verified in the 
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description of the DDS-PLL signal generator part. Additionally, 
In order to implement a sophisticated beamforming technique 
in beamforming system, securing the linearity of each chain is 
essential [42]. In order to verify the linearity of each chain of 
the DBR, the dynamic range was measured, and the 
measurement results of the dynamic range of each chain are 
shown in Fig. 14-(b). As shown in the measurement results, it 
can be seen that the linearity of each chain is secured within the 
dynamic range of the DBR.  

The total specifications of the DBR are listed in Table VIII. 
The operation frequency band of the DBR includes a 5G mobile 
communication band, and the DBR has 14 bit phase control 
resolution. Based on the phase control resolution, the 
theoretical minimum beam control resolution of the DBR is 
calculated, which is 0.01°.  

 
TABLE VIII 

TOTAL SPECIFICATION OF THE DBR 
THE SPECIFICATION 

RADIO FREQUENCY (GHz) 27 ~ 34
1ST LOCAL OSCILLATOR  FREQUENCY (GHz) 11.5~ 19

1ST  LOCAL OSCILLATOR POWER(DBM) -4 ~ 4
1ST IF FREQUENCY (GHZ) 2.536 ~ 3.374

2ND  LOCAL OSCILLATOR  FREQUENCY (GHz) 3.5
2ND  LOCAL OSCILLATOR POWER(DBM) >7

2ND IF FREQUENCY(GHZ) 0.126 ~ 0.964
PHASE CONTROL RESOLUTION (BIT) 14

THEORETICAL BEAM CONTROL RESOLUTION (°)  0.01 
FLATNESS (dB) < 1.5

CONVERSION GAIN (dB) 16 ~ 17

 

IV. THE BEAMFORMING PERFORMANCE MEASUREMENT 

RESULT OF THE DBR 

A.  The Experiment Setting  

In order to verify the high beamforming performance of the 
proposed DBR using the DDS-PLL signal generator, the 
radiation pattern was measured in the anechoic chamber as 
shown in Fig. 15. As a transmitting antenna, the 28GHz band 
horn type probe antenna shown in Fig. 16-(a) was used, and has 
a gain of about 10dB at 28GHz as shown in Fig. 16-(b). The 
transmitted signal is generated using the signal generator 
equipment. The signal generator equipment is also 
synchronized using the 10MHz reference signal from the 
reference signal generation part. 

The frequencies used for the measurement are as follows. The 
RF frequency, 1st LO frequency, and 2nd LO frequency are 
28GHz, 14GHz, and 3.5GHz, respectively. The 1st IF frequency 
and 2nd IF frequency are 3GHz and 0.5GHz, respectively. In 
order to verify the overall beamforming performance of the 
DBR, the radiation patterns with the main lobe at 0°, 15°, and 
30° are measured by rotating the motor by 1 degree intervals. 
Also, in order to measure high beam control resolution 
performance, the radiation patterns are measured when the main 
lobe angle are 0°, 0.2°, and 0.4° degrees. The reason for setting 
the angle in 0.2 degree intervals is that the 0.2° interval is the 
minimum control angle resolution of the motor used to rotate 
the DBR. Table IX shows the weighting factors applied for each 
main lobe angle. 

 
 
Fig. 15. The experiment setting in the anechoic chamber. 
 

  
 

(a)                                                           (b) 
 

Fig. 16. (a) The fabricated transmit antenna and (b) The measurement result of 
the transmit antenna. 

 
TABLE IX 

WEIGHTING FACTOR (UNIT : DEGREE) 

 

B. The Calibration  

After turning on the power of the DBR, the phase and 
amplitude of each chain change as the temperature rises [43]-
[46]. When the temperature of the DBR saturates, the changes 
of the phase and amplitude also saturate. After the saturation of 
the phase and amplitude changes in the DBR, external 
calibration is performed to calibrate these changes. The transmit 
antenna is placed in the far-field region and emits a signal. The 
emitted signal enters each chain with the same phase and 
magnitude. The phase and magnitude of the signal are measured 
after passing through each chain at the 2nd IF stage. The phase 
differences between each chain are calibrated by changing the 
phase of the output signal of the DDS-PLL signal generator, and 
the amplitude difference between each chain is calibrated using 
the VGAs of the SDR. 

BEAM 
ANGLE

WEIGHTING FACTOR 

∅ଵ ∅ଶ ∅ଷ ∅ସ ∅ହ ∅଺ ∅଻ ∅଼ 

0 0 0 0 0 0 0 0 0 

0.2 -2.6 -1.9 -1.1 -0.4 0.4 1.1 1.9 2.6 

0.4 -5.2 -3.7 -2.2 -0.7 0.7 2.2 3.7 5.2 

15 -193.9 -138.5 -83.1 -27.7 27.7 83.1 138.5 193.9 

30 -374.6 -267.6 -160.5 -53.5 53.5 160.5 267.6 374.6 
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C. The Measurement Result 

The radiation pattern measurement results are shown in Fig. 
17. Comparing the measured radiation pattern with 
beamforming angles of 0°, 15°, and 30° with the simulated 
radiation pattern, the measured main lobe angles are almost 
same as the main lobe angles of the simulation results. In case 
of the gain error, the gain errors in the main lobe (the angle : 
േ5° from the central angle) are within 1dB, whereas errors in 
side lobe are comparatively large. These errors mainly occur 
because of the difference in the simulation environment and the 
actual measurement environment. In the simulation, it is the 
result of assuming free space, but in the actual measurement, 
the measurement errors occurred due to the structures 
supporting the antenna/system and the manufacturing process 
error of the antenna. Fig. 18 shows the radiation pattern results 
of measuring the beam adjustment angle at 0.2° intervals to 
demonstrate the high beam control performance of the DBR. 
The errors of each main lobe angle between the simulated and 
measured result are within 0.2°. It can be confirmed that the 
measurement results are in good agreement with the simulation 
results and that the beam is precisely and finely adjusted. If a 
motor with an angle adjustment resolution of less than 0.2° is 
used, higher beamforming performance than the one currently 
measured can be confirmed.  

V. CONCLUSION 

In order to implement a precise and fine beamforming 
technique for the 5G mobile communication, various 
beamforming structure has been studied. However, there are 
still many difficulties in implementing precise beamforming 
technique. In this paper, the DBR with high beam control 
resolution in the 5G mobile communication band is proposed. 
In the DBR, the phase of each chain is controlled using the 
DDS-PLL signal generator part with 14 bits (0.022°) phase 
control resolution. And, based on the phase control resolution, 
the DBR theoretically has beamforming performance with a 
minimum beam control resolution of about 0.01°. In order to 
prove the beamforming performance of the DBR, the DBR was 
fabricated, and the radiation patterns of the DBR were 
measured when beam angle is at 0°, 0.2°, 0.4°, 15°, and 30°. 
The error of the angle of the main lobe is within 0.2°, and the 
gain error of the main lobe is within 1dB, which confirms that 
the measurement results matched well with the simulation 
results. Therefore, the DBR has a good candidate structure for 
5G mobile communication that requires high beamforming 
performance. Additionally, according to the technology flow 
that the 5G mobile communication system is manufactured 
based on SOC (System on Chip), the proposed DBR needs to 
consider implementation based on SOC to be used in 5G mobile 
communication. When implementing the DBR based on SOC, 
because there are many oscillators and various active 
components in the proposed DBR, high isolation performance 
between components is required so that the output signals of 
oscillators and signals (desired and unwanted signals) generated 
by various active components do not affect other components. 
Therefore, considering that research on SOC at the component 
level and system level is also actively progressing in the 5G 
mobile communication band and chip manufacturing 

technology is rapidly developing [47]-[53], the DBR can be 
sufficiently implemented if higher isolation between 
components is secured than the existing SOC design. 

 

 
 

Fig. 17. The measured and simulated beamforming result of the proposed DBR 
at 0°, 15°, 30°. 

 

 
 

Fig. 18. The measured and simulated beamforming result of the proposed DBR 

at 0°, 0.2°, 0.4°. 
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