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A Microwave Communication Link With
Self-Heterodyne Direct Down Conversion
and System Predistortion
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Transmitter

Abstract—A novel design of a microwave communications link
operating at 5.8 GHz is presented based on self-heterodyne direct
downconversion (SHDDC) and system predistortion. Utilizing the
SHDDC scheme eliminates the need of any local oscillators at the
receive ends and minimizes spectrum usage; however, the trans-
mitter power efficiency is low, and there exist high mixer inter-
modulation levels in the receiver. To overcome these drawbacks, :
a system predistortion approach is proposed. A two-tone measure- .
mentis performed to validate the idea. It shows 12.67 dBc of overall
improvement in the signal-to-intermodulation ratio by applying
a fourth-order predistortion technique. Further, successful trans-
mission of a digitally modulated signal is also demonstrated.
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50 ]
URRENT microwave data transmission predominately 0

utilizes the super-heterodyne scheme, in which a devoted e
local oscillator (LO) is required at the receiver end to pump thég. 1. Transmitter and receiver block diagrams.
mixer and downconvert the RF signal. The LO power is usually

”.‘“Ch _greater than the RF signal power, thus minimizing t odulation term to be filtered out. However, this approach has
distortion caused by the self-product terms of the RF sig

in th . tout. O it tive to th heterod spectrum efficiency and requires extra IF demodulators.
in the mixer output. ©ne allernalive 1o the SUper-neterodyne, , ;o paper, a self-heterodyne direct down conversion

method is the self-heterodyne scheme [1]. In this scheme, DDC) microwave communication link is proposed with
transmitter sends out the local carrier as well as the modula system predistortion technique. The essential idea of
RF signal. The _rece|ved signal is demodulated by_ PassING.flotam predistortion is to predistort the baseband signal in the
through a self-mixer. The self-heterodyne scheme S|gn|f|can{

S ) . o2 nsmitter to compensate the intermodulation at the receiver
reduces the circuit complexity at the receiver, eliminating ﬂ}%ixer output caused by the proximity of the LO and RF power
need to supply a LO circuit and the related carrier recoveyy,

[dvels. Hence, the simplicity of the self-heterodyne scheme

C|rcu_|t. .SUCh a system is especially .suned fpr br_oadcastna d the high spectrum efficiency of the direct down conversion
applications where the number of receive terminals is large and civer are both maintained

the size and complexity of each terminal are limited. This hasThis paper is organized as follows. In Section I, the system

berferr]eag]pe“'er?] I[;r?:ggﬁger:-\gfaﬁ Egmmtl:qn:gat'o?];g:tﬁ?se[ edistortion concepts and the basic operation principles are
w imp : Wi wp IS [Rtroduced based on nonlinear power series analysis. In Sec-

teccgmlcglly dt')ﬁ'cll("t'f th If-heterod tem is that ext tion I, a testbed with a 5.8-GHz carrier frequency is set up,
ne drawback ol the sell-neterodyne system IS thal extra |{e 5 yreqd results for a two-tone signal are found to validate

tgrmodulaﬂon Q|stortlon 's introduced. Due to the !|m|ted Cathe proposed idea, and successful transmission of digital data
rier power received, the self-product terms of RF signal can

longer be neglected when compared to the IF output. One odulated in 4-ary amplitude-shift keying (ASK) format [2] is

. ) . onstrated.
to compromise between the transmitter power efficiency and the

intermodulation level of the mixer output. One approach to over-
come this problem is to carefully choose an IF frequency which Il. SHDDC SrsTEM OVERVIEW
is much higher than the signal bandwidth, allowing the intey Nonlinear System Analysis

Manuscript received April 5, 2002; revised August 23, 2002. = Theoretical validity of the SHDDC system is accomplished
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general nonlinear circuit, the excitation can be expressed asband components yields

Q 2 2 2 2 3
. t) = |s;(t B* +2A5C) + 6B°C~" + 4A,C
w(t)=1/2 Y Vel OBl 0) b @)
a=—Q +Sz (t) [012(2A2B + 2A3C)
e +ay (4B3C + 124, BC? + 44;C%)]] . (8)
The resulting power series expression for the circuit output is

n

From (8), it is apparent that reduction of the second- and

N 1 & P third-order terms can be accomplished by choosing the ap-
vo(t) = Z In |5 Z VoH (wq)e™ ™| . (2)  propriate values for the second- and third-order predistortion
n=1 =-Q coefficients(As, A3). Further expansions of (5) for variodg
In (1) and (2),V_, = V', w_q = —w,, andH(w_,) = andN show that suit_al_ale_ selection of predistortior_1 coefficients
H*(w,). Assuming for simplicity a memoryless, nondispersiveAz, As, - .., Ay) minimizes the effect of the higher order
propagation channel such thét(w,) = 1 for all ¢, the output baseband terms.
expression simplifies to Note that in (6), there arises a dc component to the signal,

N which is represented by theC? term. This dc offset is caused
n by the use of direct down conversion and is not desirable. Refer-
volt) = Z anfvi ()] ©) ring to Fig. 1, this dc term is proportional to the square of the LO
=t amplification factorC. Recalling that the use of the predistor-
Letting the system excitatiosy(¢) = v;(t) and ignoring the tjon technique allows for lower required LO power, the amount
amplifiers before the transmit antenna and after the receive gfdc offset is reduced as compared to conventional direct con-
tenna, refer to Fig. 1 to obtain the expression at the input of tersjon receivers. For certain cases with stringent dc offset re-
self-mixer, which is expressed as follows: quirement, adaptive dc offset cancellation circuits can be em-
/ 2 3 M loyed to overcome the problem.
5i(t) = [A2si() + Assi (D) + -+ Aursi” (1) + Bsi(1)] P 'I}/he preceding develo?)ment validates the system predistor-
xsro(t) + CUsto(t)- (4)  tion concept theoretically using simplified nonlinear power se-

Utilizing the transfer function assumption of before, the rdi€S analysis.

sulting power series expression for the final output of the system .
is gp P P y B. System Operation

Predistortion of the original baseband signal is performed

so(t) = Z an [sL(O)]" . (5) Via Ag|lent s HP34811A Be_nchllnk_software application. '_I'h|3
software interfaces conveniently with the HP33120A arbitrary

) _ _ _ waveform generator used during measurement. In general, the

Expanding (5) with second-order distorti¢n/ = 2) and predistortion coefficients can be complex. For this paper, scalar

N = 2yields predistortion is examined to verify the validity of the system
5o (1) =s1.0(t) X [alAQS?(t) + a1 Bsi(t) + alC] n sfo(t) concept. Furthe_r, onlys,, As, ..., and A, are varied during
9 3 measurement? is held constant and made equal to one. The
x [a2A3s7(t) + a2242 Bs; (1) case inwhichB = 1 and4; = A3 = --- = Ay; = 0 repre-
+asB?s3(t) + a22A42Cs3 () sents the reference case in which there is no predistortion. Note
+a92BC's;(t) + a202] . (6) thatC'is constant and positive during operation. Also assume

that the power series coefficients are positive. From (7), one
The final baseband components are embedded is{ih€)  realizes that to achieve cancellation using second order predis-
term of (6). One now recognizes that cancellation of secon@tion, scalar manipulation of,, requiresd, to have a negative
order terms occurs if value. From (8), it is again necessary to halgless than zero
24,C = — B2, @ to minimize the _secon_d order baseb_and term. For the third-order
baseband termin (8), it becomes evident that the third-order pre-
The third- and fourth-order terms cannot be cancelled merealistortion coefficient{ A3) can be positive or negative.
with second-order distortion. Expanding (5), one realizes thatThe baseband signal is upconverted via analog amplitude
higher order distortion can be used to decrease these higmedulation. Sufficient LO leakage exists to produce the desired
order terms: third-order predistortion to cancel third-orderarrier in the self-heterodyne scheme. After power amplifica-
terms, fourth-order predistortion to cancel fourth-order termon, the RF signal is transmitted and received using quasi-Yagi
and so on. In general, to redu@&h-order terms of the base-antennas [4]. These antennas are characterized by endfire
band signak;(t), one needs$Vth-order predistortion. Note that radiation, broad operating bandwidth, and moderate gain.
all higher order terms cannot be cancelled simultaneously. TheDirect downconversion is achieved with an active self-mixer,
predistortion coefficients can only be adjusted to minimize thehich is shown in Fig. 2. Desired downconversion is accom-
aggregate distortion of the system. One can also recognize tlighed by adding open stubs at the self-mixer’s output that ef-
the final baseband components are contained only within eviectively look like short circuits at the first two harmonics of
powers ofs . (t) or only for evern in (5). Expanding (5) with the carrier frequency, namely 5.8 and 11.6 GHz. This requires
third-order distortion( M = 3), N = 4, and omitting nonbase- one stub to be /4 long (5.8 GHz short) and the other to bgs
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2nd Order Predistortion Coefficient (A2)
Fig. 4. SIMR ratio for various values of-.

Fig. 2. Self-mixer circuit. i far-field distance associated with the antennas being used.
GPIB bus Because the microwave amplifier provides high output power
i—‘ and the transmission distance is relatively short, a gain block
vy | preceding the receiver self-mixer is not necessary.
HP8340A HP33120A HP34811A
Sweeper AWG Benchlink B. Two-Tone Measurement
In this section, second-, third-, and fourth-order predistortion
LO baseband

is executed experimentally. The effect of applying various
SKY-60MH combinations of predistortion coefficientsis, A3, A4) to a
two-tone signal with 2- and 3-MHz components is examined,
5.6 GHy thus validating the system predistortion idea. This kind of
—z signal represents a simplified form of a realistic digital signal,
HP 83495 extracting only two of the many frequency components present
in a digital signal. It is important in the SHDDC scheme
to consider the carrier power relative to the RF power. For
self-mixer acceptable transmission efficiency, the carrier power should
approximately equal the total RF power. Measured results show
carrier power of 1.00 dBm and RF power ©6.33 dBm just
Spectrum . . .
Analyzer/Digital preceding the receiver self_-m|x<=fr stage. N
Oscilloscope For second-order predistortion, only the coefficieAt
is varied. As mentioned in Section |I-B4, should have a
negative value. Fig. 4 shows the signal-to-intermodulation ratio

in length (11.6-GHz short). A circuit optimizer (Agilent’'s Ad- (SIMR) at the system output for various values4f. SIMR
vanced Design System 2001) is used to find an acceptable injfuflefined as the power ratio of the final baseband signal (2
matching circuit. The circuit uses NEC’s NE76038 as the aff 3 MHz) to the highest intermodulation tone. The highest
tive device, and fabrication is done on RT/Duroid 5880 with Btérmodulation invariably occurs at 1 MHz. The normalized

dielectric constant of 2.33 and a substrate thickness of 31 mparameter in the measurement is the final signal power level
at the two original tones (2 and 3 MHz). This power level is

. M EASUREMENT SETUP AND RESULTS determined to be-36.83 dBm. The SIMR for the reference

) case(As = A3 = A4 = 0) is 6.17 dBc. From Fig. 4, using
A. Experimental Setup A, = —0.50 yields the best SIMR result. This optimized

Fig. 3 shows the measurement setup for the predistorti8MR is 15.33 dBc, which is 9.16 dB higher than the reference

system. Agilent’'s HP33120A arbitrary waveform generator ar®lMR. Thus, there is 9.16 dB intermodulation reduction when
HP34811A Benchlink software package are consolidated dpplying second-order predistortion.
generate the desired baseband waveform. Agilent's HP8340ANhen employing third-order predistortion, it is now impor-
synthesized sweeper generates the 5.8-GHz oscillator to putaupt to note that the third-order predistortion coeffici¢At)
Mini-Circuits’ SKY-60 MH four-diode bridge mixer. This can be positive or negative. The reason for this is explained ear-
upconverter yields sufficient LO leakage to generate the lodar. Five discrete values ford, and nine discrete values for
carrier required with the self-heterodyne scheme. Before wirds are considered during measurement. This leads to 45 pos-
less transmission, Agilent's HP8349B microwave amplifiesible combinations of A2, A3) pairs. Because a brute force
offering high output powef~20 dBm) is used to boost the measurement is executed, testing this many combinations be-
RF signal. The transmission distance between the transegwimes tedious. This becomes even more evident when consid-
and receive antennas is about 8 cm, which is greater than #nimg fourth-order predistortion, with which there would be 405

Fig. 3. Predistortion system measurement setup.
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Fig. 6. SIMR ratio for various values of, with optimizedA, andA;.

combinations. To remedy this daunting task, the following pro,
cedure is used to prevent making measurements for each py--
sible predistorted waveform. First, second-order predistortio
is executed and an optimum value for the corresponding pr
distortion coefficient(A,) is determined. Next, this optimum [ =
A, value is used to carry out the third-order predistortion me
surements; a corresponding optimum third-order predistortio
coefficient(A3) value can be determined. Finally, the optimum 5
As andAj; values are used to execute fourth-order predistortion 1§ L,
a corresponding optimum fourth-order predistortion coefficien |
(A4) value can be determined. This process results in makirj
measurements for 23 waveforms. :
Utilizing the above procedure, Fig. 5 shows the SIMR at the (c)
system .OUtpUt for various values d§ using the optlmlzeq42 Fig.8. (a) Original 2-Mb/s 4-ary ASK signal. (b) Demodulated signal without
value. Fig. 6 shows the SIMR at the system output for varibus predistortion. (c) Demodulated signal with predistortion.
values using optimum values fdr, andA3. For third-order pre-
distortion, refer to Fig. 5 to observe that an optimum SIMR equermodulation tone, which invariably occurs at 1 MHz. This defi-
to 15.67 dBc occurs witlls = +0.50. For fourth-order predis- nition reflects a few particular terms rather than the overall inter-
tortion, Fig. 6 reveals an optimum SIMR of 18.83 dBc occurs witmodulation performance. Therefore, employing different orders
A4 = —0.25. Theseresults for various orders of predistortion a predistortion may effect individual intermodulation terms dif-
tabulated in Table I. Note the slight improvement in SIMR fronferently. Extending this analysis to higher orders, SIMR perfor-
second-tothird-order predistortion of 0.33 dB, and the significamtance would be expected to improve similarly.
improvementfromthird-to fourth-order predistortion of 3.16 dB. Fig. 7 shows the corresponding output baseband spectrum of
Thisdifference inthe amountof SIMR improvementfrom secoritie system using the optimized values for, A3, andA4. The
tothird-order predistortionversusthird-tofourth-orderpredistolargest intermodulation components are of second order, with
tion can be explained by reevaluating the definition of SIMR. Féhe 1-MHz term contributing the most intermodulation. One can
simplicity, SIMR is defined as the power ratio between the basktther suppress higher frequency components with implemen-
band signal, which has tones at 2 and 3 MHz, to the highest tation of a low-pass filter.
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C. 4-Ary ASK Measurement Yuanxun Wang (S'96-M'99) was born in Hubei,

Sy . . . . China, in 1973. He received the B.S. degree in
After validating the_ system predistortion idea via two-ton electrical engineering from the University of Science
measurement analysis, successful recovery of a digital sig

and Technology of China (USTC), Hefei, China, in

should be demonstrated. Digital data with a 2-Mb/s data re 1993, and the M.S. and Ph.D. degrees in electrical
dulated in 4-ary ASK format is considered for this measur engineering from The University of Texas at Austin,

modu - y A, ; et h in 1996 and 1999, respectively.

ment. Fig. 8 shows the original undistorted digital signal, tt From 1995 to 1999, he was a Research Assistant

demodulated signal without predistortion, and the demodulat with the DeTPﬁftheht of _*tflecftffa' andtiomtpmfg_ En-

: . f . . gineering, The University of Texas at Austin. Since
signal ywth pr§d|stort|on. From_F|g. 8(b), one can ob_serve th.2 1999, he has been with the Department of Electrical
errors in the signal recovery without using predistortion. Cogngineering, University of California at Los Angeles (UCLA), where he is cur-
versely, Fig. 8(c) shows successful demodulation of the origirmaitly an Assistant Professor. His research interests concern the enabling tech-
digital signal utilizing predistortion nology for RF and microwave front-ends in wireless communication and radar

' systems, as well as the numerical modeling, simulation, and feature-extraction
techniques for microwave circuits, antennas, and EM scattering. He has au-
V. CONCLUSION thored or coauthored over 60 refereed journal and conference papers.

A novel design of a microwave communications link oper-
ating at 5.8 GHz using SHDDC and system predistortion is pro-
posed. Implementation of an SHDDC scheme removes the |
cessity of LOs in the receiver, thus considerably simplifying tt
receiver circuit complexity. This is desirable for application
with many receiving terminals with restrictions on circuit sizi
and complexity. Because SHDDC inherently has high intermo
ulation levels, system predistortion is proposed to lessen st
effects. To validate the proposed system concept, two-tone m
sgremgnt is executed with seqond—., thi.rd-, and fourth-order pi i University of Kentucky, Lexington. In duly 1978
dlstort|0n..As the Orde': of predistortionincreases, the SIMR P&fe joined the faculty at The University of Texas at Austin,.where he became
formance improves. Finally, successful demodulation of a 4-agyProfessor of electrical engineering in 1981 and Director of the Electrical

ASK signal is demonstrated. Due to the brute force nature of thegineering Research Laboratory in 1984. During the summer of 1979, he

: ; s a Guest Researcher at AEG-Telefunken, Ulm, Germany. In September
current measurement setup, ACPR analysis of a CDMA mgr’{@%’ he was selected to hold the Hayden Head Centennial Professorship of

cannot be examined experimentally until a real-time adapti¢@gineering at The University of Texas at Austin. In September 1984, he was
system is developed. Future work will also include the develogepointed Associate Chairman for Research and Planning of the Electrical

[ ; Computer Engineering Department, The University of Texas at Austin. In
ment of in-phase and quadrature (I/Q) modulation schemes %gguary 1991, he joined the University of California at Los Angeles (UCLA),

the employment of complex predistortion coefficients to comyz professor of electrical engineering and Holder of the TRW Endowed Chair
pensate for channel dispersion effects. in Microwave and Millimeter Wave Electronics. He was an Honorary Visiting
Professor at the Nanjing Institute of Technology, Nanjing, China, and at the
Japan Defense Academy. In April 1994, he became an Adjunct Research
Officer for the Communications Research Laboratory, Ministry of Post and
. . . . Telecommunication, Japan. He currently holds a Visiting Professorship at
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