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Abstract: The development of a high performance wideband
radio frequency (RF) transceiver used in the next generation
mobile communication system is presented. The developed RF
transceiver operates in the 6 to 6.3 GHz band and the channel
bandwidth is up to 100 MHz. It operates in the time division
duplex (TDD) mode and supports the multiple-input multiple-
output ( MIMO ) technique for the international mobile
telecommunications ( IMT )-advanced systems. The classical
superheterodyne scheme is employed to achieve optimal
performance. Design issues of the essential components such as
low noise amplifier, power amplifier and local oscillators are
show that the
maximum linear output power of the RF transceiver is above 23
dBm, and the gain and noise figure of the low noise amplifier is
around 24 dB and below 1 dB, respectively. Furthermore, the
error vector magnitude (EVM) measurement shows that the
performance of the developed RF transceiver is well beyond the
requirements of the long term evolution ( LTE )-advanced
system. With up to 8§ x 8§ MIMO configuration, the RF
transceiver supports more than a 1 Gbit/s data rate in field tests.
Key words: radio frequency (RF) transceiver; orthogonal
frequency division multiplexing ( OFDM); IMT-advanced
system; phase noise; low noise amplifier; power amplifier;
LTE-advanced system

doi: 10.3969/j. issn. 1003 —7985.2012. 03. 004

described in detail. Measurement results

he successes of 3G mobile communication systems
T around the world as well as the popularity of data
hungry applications such as personal video online-sha-
ring, brighten the prospects of 4G systems in the future
which can provide much more data bandwidths to end us-
ers. Today the so-called 4G mobile communication sys-
tem (or the next generation mobile communication sys-
tem) usually refers to the international mobile telecommu-
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nications (IMT)-advanced system proposed by the Inter-
national Telecommunication Union (ITU). An IMT-ad-
vanced system is expected to provide users robust and
high speed data services which support more than 1
Gbit/s in low mobility'"". To achieve the required data
rate, one method is to allocate more spectrum resources
which is difficult in frequency bands below 2 GHz where
so many applications are overcrowded. Fortunately it is
easier to find more spectrum resources in higher frequency
band and some systems have been designed to meet the re-
quirements of the IMT-advanced system in 3.5 GHz
band"™. In the field of wireless LAN, IEEE 802.1lac in
the 5 GHz band and applications in the unlicensed 60 GHz
band have been popular recently'. The RF transceiver re-
ported in this paper is designed for an experimental wireless
network aiming to seek the probability of establishing an
IMT-advanced system in the 6 GHz band with a channel
bandwidth up to 100 MHz. According to the knowledge of
the authors, this is the first attempt in this frequency band.

Instead of the incredible user experiences brought by
the next generation technologies, they do bring great
challenges to engineers. As an important part of the sys-
tem, the new air interface evolving from the beyond 3G
systems such as 3GPP long term evolution (LTE) needs
to be carefully studied to gain better performance at a rea-
sonable cost. In addition to the required bandwidth which
is much wider in an IMT-advanced system, the most sig-
nificant change in the new air interface is the utilization of
orthogonal frequency division multiplexing ( OFDM) and
its nature makes the system more sensitive to frequency
offset and phase noise”’ ™. Moreover the high peak-to-av-
erage power ratio (PAPR) of the OFDM signal makes it
difficult to realize a power amplifier with high efficiency
and high linearity. Other RF impairments such as carrier
leakage and 1/Q image which are common to other single
carrier systems should also be addressed in the design
process of a high performance RF transceiver.

In this paper, the design of a high performance RF
transceiver is reported, which operates in the 6 to 6.3
GHz band with a channel bandwidth up to 100 MHz. The
system scheme as well as design issues and measurement
results of the essential components are introduced in de-
tail. Because the LTE-advanced system has been consid-
ered as a candidate for the IMT-advanced system, the
simulations and measurements in this paper all refer to
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3GPP Release 10. The measurement results indicate that
the performance of the realized RF transceiver is well be-
yond the requirements of the LTE-advanced system.

1 System Architecture

To boost the performance of the 6 GHz band RF trans-
ceiver, the classical superheterodyne scheme is employed
and the block diagram is illustrated in Fig. 1. One of the
most important procedures to realize a qualified superhete-
rodyne transceiver is careful frequency planning which
can lessen the requirement of the filters and make the sys-
tem realizable and robust to interferences. Considering
the channel bandwidth of 100 MHz and the working fre-
quencies above 6 GHz, there are some restrictions on the
selection of the intermediate frequency (IF). First, the
design of a high selectivity and low distortion IF filter
usually requires a reasonable relative bandwidth, so the IF
should be above 1 GHz. Secondly, due to the complexity
and cost of realizing a high performance local oscillator

(LO) at a higher frequency, a low side LO is chosen
which is different from the cases in some low frequency
designs. The above restrictions make the spurs crowd a-
round the working frequency band. Among these spurs,
more attention should be paid to some low order inter-
modulation (IM) products, because these low order spurs
locate near the pass-band of the IF filters in the receiver
or the RF filter in the transmitter,
them are relatively large. There are some useful tools to
assist the engineers in the frequency planning process such
as a classical spurs chart and its extension'”’, distances
chart'™ and some EDA tools. It should be aware that the
prediction of spurs levels in these tools is based on the
mixer spurs tables provided by the manufacturers. These

while the levels of

spurs tables are usually measured at a low IF, for exam-
ple below 100 MHz, so it is necessary to obtain the new
spurs tables of a high IF from measurements in the design
process, at least the levels of the low order spurs should
be identified. Eventually the IF is set at 1.85 GHz.

LPF Demodulator
Receiver
V%

LX) . .
y Amplifier BpF  Mixer ppp LNA

o o o '
0% < Ag-Be<

Switch Antenuator
Switch
LO2 Circulator
ntenna
BPF Antenuator BPF PA

Switch

A= 00-A>

Isolator

Amplifier Mixer

Transmitter

Fig.1 System block diagram of the reported RF transceiver

The input and output of the reported RF transceiver are
analog baseband 1/Q signals. In the transmitter part, the
unbalanced 1/Q signals are converted to differential ones
and fed to the quadrature modulator by a differential oper-
ational amplifier for the benefits of better common mode
rejection and the minimization of the transmitter carrier
leakage as well as the even order harmonics of the modu-
lator. After the band-pass filter, an RF switch is utilized
to improve the power-off transient response and minimize
the power-off power transmitted. The power control is
implemented in the IF block using digital control attenua-
tors which provide a sufficient dynamic range. After up-
conversion by the passive mixer, the image signal and
other unwanted spurs are filtered by a band-pass filter.
Then the power is boosted by the succeeding power am-
plifiers, and the resulting RF signal is circulated to the
antenna and transmitted.

Along the receiver path, the RF signal received is fed
to the switch through the circulator. The switch together

with the circulator can provide enough isolation between
the transmitter and the receiver. After being amplified by
the LNA, the RF signal is filtered by a band-pass filter.
Thus the RF image and other interferences out of the band
are reduced, and the spurs radiation level of the receiver
is minimized as well. The channel selectivity is guaran-
teed by two IF DR ( dielectric-resonator) band-pass fil-
ters, the first of which is placed right after the passive
mixer to suppress the LO leakage and other IM products.
The automatic gain control (AGC) is implemented using
two digital control attenuators, each of which provides
more than a 30 dB control range with a 0.5 dB step. Fi-
nally, the IF signal is demodulated and the resulting dif-
ferential I/Q analog baseband signals are buffered and
converted to single-ended 1/Q outputs.

2 Design of the Transceiver

To achieve the high end performance requirements of
the IMT-advanced system, the reported RF transceiver
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utilizes multiple-input multiple-output (MIMO) technique
and supports up to an 8 x 8 MIMO configuration. The de-
sign issues of the receiver and the transmitter in each
channel of the RF transceiver are presented as follows.

2.1 Design of the receiver

2.1.1

It is well known that the overall noise figure (NF) of
the receiver is determined by the LNA which is usually
employed at the front of the RF block to amplify the re-
ceived weak signal and introduces less noise than other
amplifiers. In the reported RF transceiver, the LNA is
designed to provide a power gain of more than 20 dB in
two stages and each stage employs a high electron mobili-
ty transistor (HEMT) which has such advantages as noise
and gain especially in high frequency'” .
carried out to optimize the design of the impedance matc-
hing network and to ensure the stability of the LNA. The
fabricated LNA in the transceiver is shown in Fig. 2 and
the measured results are shown in Fig. 3. The measure-
ment results indicate that the NF of the LNA is below 1
dB and the gain is around 24 dB with a ripple of 0.3 dB
across the desired frequency range. To support the TDD
operation, a circulator and a switch are placed right be-
fore the LNA, and thus the noise figure of the whole re-
ceiver is increased slightly.

Low noise amplifier

Simulations are

Fig.2 Photo of the fabricated LNA
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Fig.3 Measured NF and gain of the LNA

2.1.2 Link budget of the receiver

The output level of the receiver is required to be
aroundl V (peak to peak). Then the optimum level of
the IF signal fed into the demodulator is determined be-
cause the gain of the demodulator and the baseband cir-

cuits are all fixed in our design. Based on the optimum
level of the IF signal before the demodulator, the link
budget of the receiver is simulated and optimized. The
final gain distributions of the RF and IF blocks are
shown in Tab. 1.

Tab.1 The link budget of the receiver

Key component NF/dB Gain/dB 1IP3/dBm
Circulator 0.5 -1 50
Switch 1 -1 45
LNA 1 24 5
RF filter 2 -2 >50
Mixer 7 -7 25
IF filter 1 2 -2 >50
IF VGA 4 -3 to 60 24
IF filter 2 2 -2 >50
Total 3.4 6 to 69 >5.7

2.2 Design of the transmitter

The gain of the baseband circuit in the transmitter is
fixed, and then the average output power of the modula-
tor is supposed to be —9 dBm when stimulated by the I/Q
signal with a PAPR of 8 dB from the baseband unit. The
maximum output power required by the system specifica-
tion is 23 dBm and the minimum output power is required
to be below —40 dBm. Thus the total gain of the trans-
mitter is supposed to be above 32 dB with a control range
of more than 63 dB.

Due to the high PAPR of the baseband signal in the
OFDM system, power backoff is considered in the design
of the power amplifier to assure the modulation perform-
ance and the adjacent channel leakage ratio ( ACLR) of
the transmitter to meet the system specifications' """,
The ACLR measurement results of the power amplifier is
shown in Fig.4. The total insertion loss of the attenuator
and cables used in the test is about 28 dB. The test signal
of the measurement is a standard downlink signal of the
LTE-advanced system. The signal bandwidth is 20 MHz
with 1 200 subcarriers, and 100 resource blocks (RB) are
allocated. The modulation of the data channel is
QAM64. The result shows that the ACLR of the power
amplifier in 6 GHz band is below —42 dBc when the out-
put power achieves 23 dBm.
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Fig.4 ACLR measurement of the power amplifier
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The final gain distributions assigned to the IF and RF
blocks of the transmitter are listed in Tab. 2.

Tab.2 Gain distribution of the transmitter

Key component Gain/dB OIP3/dBm
IF filter -2 >50
Switch -1 48
IF amplifier 10 36
Mixer -7 32
RF filter -2 >50
RF amplifier 11 24
PA 28 43
Isolator -1 >50
Circulator -1 >50
Total 35 40

2.3 Phase noise requirement of the local oscillator

It has been well studied that OFDM systems are very
sensitive to phase noise of the local oscillators. Many
methods have been proposed to alleviate the performance
degradation in the digital domain'*™"'. As to the RF de-
signer, a qualified local oscillator should be designed to
lessen the burden of the baseband processing.

It has been investigated that the signal-to-noise ratio
(SNR) degradation in the OFDM system due to phase
noise is closely related to the subcarrier spacing and the
phase noise power spectrum of the local oscillator. Then
simulations are carried out to evaluate the required phase
noise performance to fulfill the specifications of the LTE-
advanced system. Eventually the local oscillators are real-
ized using phase lock loop (PLL) and the test result of
the 4 GHz band local oscillator is shown in Fig.5.
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Fig.5 Phase noise of the 4GHz band local oscillator

3 Measurement Results

The RF transceiver reported in this paper is realized
using a standard PCB process and one channel of it is il-
lustrated in Fig. 6. The whole 8 x 8 MIMO RF transceiver
consists of eight individual channels sharing the same
10 MHz reference source as well as one control channel
which acts as an interface to the baseband serial control
signals, and one power supply board providing the DC-

DC conversion from 48 to 6 V and 12 V used by the
transceiver. The 8 x 8 MIMO RF transceiver is shown in
Fig.7.

Fig.7 Photo of the RF transceiver with 8 x 8 MIMO configu-
ration

Measurement results of the key RF parameters of the
transceiver such as gain, NF, phase noise and so on are
summarized in Tab. 3.

Tab.3 Measurement results of the key RF parameters
of the transceiver

Key component Parameter Value

First LO Phase noise ~93 dBc/Hz@ 10 kHz;
(1.85 GHz) © not ~118 dBe/Hz@ 100 kHz
Second LO -90 dBc/Hz@ 10 kHz;

Phase noise

(4.2 to 4.3 GHz) —111 dBc/Hz@ 100 kHz

Maximum output pow-

23
er/dBm
ACLR/dBc <-42
Transmitter  Carrier leakage suppres- >50 (in the entire power
sion/dBc range)
>35 (across the 100 MHz
Qi jection/ dB:
Q image rejectior C bandwidth)
Noise figure/dB <4.1
. Maximum gain/dB >72
Receiver 35 ( 100 MH
> across 7
I/Qi jection/ dBi
Q image rejection/dBe - twidth)

The error vector magnitude (EVM) measurement is
used to evaluate the overall performance of the RF trans-
ceiver. The downlink signal of the TDD LTE-advanced
system generated by the Agilent Signal Studio is used in
the measurement. The signal bandwidth is 20 MHz,
meanwhile 100 RBs are allocated and the modulation of
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the data channel is QAM64. Because the system is very
sensitive to frequency offset, the instruments used in the
measurement and the RF transceiver under test are all syn-
chronized together to obtain accurate results.

The EVM measurement results of the transmitter at its
maximum output power are shown in Fig. 8, which indi-
cate that the average EVM of 3. 0% in one frame is a-
chieved. The measured results of the receiver are shown
in Fig. 9, from which it is observed that the average EVM
of 2. 1% in one frame is obtained. According to the spec-
ifications of the LTE-advanced system, the maximum
EVM required is 8% when QAMO64 is employed. It is
obvious that the performance of the realized transceiver is
well beyond the requirements of the LTE-advanced sys-
tem.
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Fig.8 Measured constellation of the transmitter with maxi-
mum output power
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Fig.9 Measured constellation of the receiver

4 Conclusion

In this paper, the design of a high performance TDD
MIMO REF transceiver in the 6 GHz band is presented.
The measurement results show that the developed RF
transceiver has excellent performance. The developed RF
transceiver has been successfully used in the IMT-ad-
vanced trial network in the high frequency band.

References

[ 1] Hashimoto A, Yoshino H, Atarashi H. Roadmap of IMT-
advanced development [J]. [EEE Microwave Magazine,

2008, 9(4): 80 —88.

[2] Yu Zhigiang, Zhou Jianyi, Zhao Jianing, et al. Design of
a wideband RF receiver for the next-generation wireless
communication system [ C]//Asia Pacific Microwave
Conference. Singapore, 2009: 465 —468.

[3] Yu Zhigiang, Zhou Jianyi, Zhao Jianing, et al. Design of
a broadband MIMO RF transmitter for next-generation
wireless communication systems [J]. Microwave Journal,
2010, 53(Sup): 22 —26.

[4] Sun Xiaowei, Lin Shuiyang. Overview of 60 GHz RF

transceiver for wideband wireless communications [ J].

Research & Progress of Solid State Electronics, 2008, 28

(1): 46 —51. (in Chinese)

Wijting C, Doppler K, KallioJarvi K, et al. Key technol-

ogies for IMT-advanced mobile communication systems

[J]. IEEE Wireless Communications, 2009, 16(3): 76 —

85.

[6] Petrovic D, Rave W, Fettweis G. Performance degrada-
tion of coded-OFDM due to phase noise [ C]//Vehicular
Technology Conference. Jeju, South Korea, 2003: 1168 —
1172.

[7] Gandhi D, Lyons C. Mixer spur analysis with concurrent-
ly swept LO, RF and IF: tools and techniques [J]. Mi-
crowave Journal, 2003, 46(5): 212 —220.

[8] Flores J L. The distances chart: a new approach to spurs
calculation [J]. Microwave Journal, 2010, 53(2): 86 —
96.

[9] Zhao Li, Yu Zhiqiang, Zhou Jianyi. Design of an ultra
low noise amplifier for mobile communication in higher
frequency band [ C]//2010 International Conference on

[5

—

Microwave and Millimeter Wave Technology. Chengdu,
China, 2010: 656 —659.

[10] Dixon B J, Pollard R D, Iexekiel S. A discussion of the
effects of amplifier back-off on OFDM [ C]//High Fre-
quency Postgraduate Student Colloquium. Leeds, UK,
1999: 14 - 19.

[11] Zhou Fei, Yu Zhigiang, Zhou Jianyi. A high performance
RF transmitter for mobile communication system in high
frequency band [ C]//2010 International Symposium on
Signals Systems and Electronics. Nanjing, China, 2010: 1 —
4.

[12] Rahman M M, Hossain D, Ali S. Performance analysis
of OFDM systems with phase noise [ C]//6th [EEE/ACIS
International Conference on Computer and Information
Science. Melbourne, Australia, 2007: 358 —362.

[13] Armada A G, Calvo M. Phase noise and sub-carrier spac-
ing effects on the performance of an OFDM communica-
tion system [J]. IEEE Communications Letters, 1998, 2
(1): 11 -13.

[14] Munier F, Eriksson T, Svensson A. An ICI reduction

scheme for OFDM system with phase noise over fading

channels [J]. IEEE Transactions on Communications,

2008, 56(7): 1119 —1126.

Rabiei P, Namgoong W, Al-Dhahir N. Pilot design for

OFDM systems in the presence of phase noise [ C]//Con-

ference Record of the Forty-Fourth Asilomar Conference

on Signals, Systems and Computers. Pacific Grove, CA,

USA, 2010: 516 —520.

[15

—_—



Implementation of a 6 GHz band TDD RF transceiver for the next generation mobile communication system 281

AT T—REEE RS 6 GHz SR 5 W TS A EHAZT

FTE®R AL R W A © F o
(Ao RFERREREEERRE, BT 210096)

WE:ANBT —HEATT—RBHIEZ R L0 ST TR K. RSO L Z T A

6 ~6.3 GHz A F% , 1518 4 56 % %) 100 MHz , TAF £ Bt 4 TAE X 5 % 4 IMT-advanced 2% 2049 A %

Hr (MIMO) B AR, A T R R MRE, KRR T 2RI EZ LM, FMNBT Z 5% KBk 5 5%
KB D EFXRBVABFRAIR G 509380 B A X 25 R R SR RS Ly sk R & ks s o & K T 23

dBm K" A A K BWIe 5 for B A KA H K% 24 dB /s F 1 dB. bl 3% £ & 39 (EVM) 89 ] 3%,

2k 2 0 5 TG SN AS HLEY M ki A i3 LTE-advanced % %9 & K. £ A & K 8 x8 49 MIMO At & , A&

HIRMEAZHAE I KT F L FARL 1 Gbit/s o9 R 3845 4y 5.

KR AU ZAE P ER IR 45 A A ; IMT-advanced % %o ; #8457k 5 1Kk B A K %5 27 F 54 K % ; LTE-ad-

vanced % 4%
R E 525 : TNO2





