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Vector Modulator foriV-Band Software
Radar Techniques

Douglas S. McPherspiMember, IEEEand Stepan LucyszyMember, IEEE

Abstract—Direct-carrier modulation is an attractive technique  constellations could be generated, provided that the circuit was
for low-cost high-performance radar transceivers. In this paper, suitably characterized.

it is shown that, when the technique is applied to a generic ho- .
modyne radar architecture, the signaling waveform can be soft- To date, thef— (push—pull) vector modulator has only been

ware adapted without requiring any hardware modifications. The ~Subjected to a cursory analysis assuming ideal passive compo-
key circuit in this novel software radar is a W-band monolithic  nents [4]. Although this is sufficient to explain how it operates,
I-Q vector modulator employing two push—pull (bi-phase) am- it is not very representative of the circuit's actual behavior. In
plitude modulators. To fully exploit this circuit's capacity to gen- i paner, a rigorous theoretical investigation of the vector mod-

erate accurate constellations at millimeter-wave frequencies, a gen- lator i ted. Th VS K fi ith
eralized theoretical analysis of theI-Q (push—pull) vector modu- ulator Is presented. 1he analySis makes no assumplions wi

lator is presented. This is a comprehensive analysis of the topology regards to the performance of the circuit’s constituent compo-
and does not assume ideal components. As a demonstration of thenents.

vector modulator’s flexibility, a 76.5-GHz MMIC version has been One application for which software radar techniques could

fabricated and characterized by means of staticS-parameter mea- .. . . .
surements and by several modulation spectra. Based on the theo-PTOVe useful is in the area of automotive collision avoidance. At

retical model and the measured results, thd—Q (push—pull) vector ~Present, most of the reported MMIC radars employ frequency-
modulator promises to be a vital component for the realization of modulated carrier wave (FMCW) or frequency-shift keying

future software radar. (FSK) [6]-[9], principally due to their low RF complexity. With
Index Terms—Millimeter-wave integrated circuits, millimeter-  the addition of two identical 76.5-GHz vector modulators to the
wave radar, MMICs, vector modulator, W -band. basic FMCW RF chipset, current MMIC designs could generate
and detect arbitrary phase/amplitude-modulated waveforms.
|. INTRODUCTION Using fast baseband waveform generators and flexible digital

signal processing (DSP)-based receivers, the signaling format

T :'E use (_)f d';eCt carrlerl modulatl(()jn at mlc;hmel;tler-\_/vav%ould be adapted without requiring any hardware reconfig-
1 5re(|]uenc_|es_ ?sbrecef_nty attractel con;w erdafe INtergBliion. This offers considerable advantages as automotive
[1]-[5]. Its principal benefits are greatly reduce rOnt'enfjadar conditions can change dramatically with variations in

ha“_’V_V‘?“e complexity, lower cost, and _mcre_ased mOdUIat'?lr?afﬁc volume, weather, and roadside clutter. By adapting the
flexibility. The use of a modulator operating directly at the Calgignaling waveform to suit the operational environment, the

rier frequency avoids the need for complex IF mixer, filter, anﬁi;ldar’s performance could be significantly improved

Zmphﬂer ch;uns. I\éoreoyer, if g fmeglum poYver trans:mtmg This software radar concept calls for one vector modulator to
lewcs (suc as;lf unn) is use orthe signa sol%:rrce,t €r€ MBYinserted in the transmit channel and another to be inserted
also be no need for expensive RF power amplifiers (PAS) O he receive channel. Essentially, the first modulates a fixed

filters. frequency oscillator and the second remodulates the signal re-

In this paper, a robust mgnrhthp—mmrowavz 'nfg:jate,d'c'ffected by the target. If the remodulated signal is then integrated
cuit (MMIC) I-@) vector modulator is presented. The design 'Snd threshold detected, the result is a cross-correlation receiver.

based on two independently biased push—pull (bi-phase) amplise . aively, by applying a linear-FM chirp-up modulation to

tude mohdulator§ c%nnfectedbm _phaile q‘ﬂadfat“fe- T:else, n tgﬁ@’transmitter and chirp-down to the receiver, the range and ve-
are each comprised of two basic reflection-type modulators t Igftity will appear as a frequency shift at the output of the second

employ cold FETs as variable resistance terminations. This %’ctor modulator. This FMCW mode is highly advantageous be-

sign has proven very successful up to frequencies as h'ghcﬁﬁse it does not require a linearized voltage-controlled oscil-

60 GHz and has been demonstrated as a 256—quadrature-|%%—r (VCO). The dual-vector modulator architecture presented

plitutde-modulator (QA_M) modula_tor and small-shift frequencylere is an entirely new approach for automotive collision avoid-
translator [2]-[5]. In all instances, it was found that near-perfeghCe radar
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is split into two orthogonal (i.e and@) channels and mod- 3 | | | | |
ulated independently by two push—pull (bi-phase) amplitude [~~~ P yT . . .
modulators [4], [5]. The resulting signals are then recombined | ‘
in-phase at the output. Although tie(? (push—pull) vector 200 i ; ; ; ; H
modulator may appear to be a standard four-channel topology -1 075 05 025 0 025 05 075
it is actually a passive two-channel design. As such, its transfe Gate voltage (V)
function can assume any arbitrary complex value subject only (b)

to a minimum theoretical insertion loss of 6 dB. Due to losses

and imperfections in the components, the minimum insertidig. 2. Measured and modeled cold pHEMT admittance parameters as a
loss can be much higher. In order to fully explain the deviatighction of gate bias: (a) conductance and (b) susceptance.

from ideality, it is necessary to investigate the circuit in greater

detail. S .
to have a significant ON"-state resistance andotr’-state

capacitive reactance. These effects are readily explained by
A. Cold Pseudomorphic High-Electron-Mobility Transistor = skin-effect losses in the contacts and channel and charge sep-
Characterization aration between the drain and source terminals at pinchoff.

. : : . : : oth impact heavily on the vector modulator's minimum in-
A variable resistance element that is readily available in mll?- P y

limeter-wave MMIC technology is the cold pseudomorphic hig]'inertlon loss.

electron-mobility transistor (pHEMT). This is simply a standargo-;rzgsev\cgﬁ SL;J;';: dfoz:;r;vsves”t u%waeLesiLabrt'ﬁZfdo %ﬂMar—
common-source pHEMT device with zero dc bias applied 10 ' o g )

: . : . (ate-length H40 AlGaAs/InGaAs pHEMT foundry process.
the drain. By applying a variable voltage to the gate termin he oates of the cold bHEMTs consist of two fingers. each
the extent of the depletion region within the channel can b 9 P gers,

varied, giving rise to high and low drain—source resistance. F%r which is 60um wide. This gate geometry was chosen

. . . . . because it offers the best compromise betweendewstate
a GaAs depletion mode device, the highest resistance will occur _ . . . )
L . __capacitive reactance and law-state resistance. Fig. 2 shows
when the channel is pinched off under a strong reverse bias A

. . . € variation in drain—source admittance with gate bias for the
the lowest resistance will occur when the gate is forward bi- . .
o . ; . device at 76.5 GHz, as derived from one-p6&Hparameter
ased. The principle advantages of using this device as a vatri- : h
. . : measurements. By expressing tReparameters in terms of

able resistance are that it requires no dc control current, can . o : ; ) -

: . . . . _“admittance, it is relatively simple to fit empirical curves to the
be switched very quickly, and requires no special fabrication . .

. . éeal and imaginary components
techniques over and above those that are required for a standard

pHEMT process.

Ideally, the cold pHEMT should behave as a pure voltage-
controlled resistance, with a range between zero and infinity. ~ G(V) =0.015 tanh [5(V + 0.45)] +0.018 )
In practice, and especially &/-band, the device is observed B(V) =-0.017tanh [3.9(V + 0.27)] +0.0014.  (2)
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basic modulator - S,,,(T') and odd-mode responses of a completely symmetrical coupler
Fommmmmm ol . Coupler i
@ @ coupler - S @ | @ Port Notation are given by
: @ Input { Zoe  Zoc\ .
| @ Direct J <Z0c - Z0€> Sln(ﬁl)
i ® Coupled Se11(=5e22) = Zo Zo (4)
! ® lsolaed 2cos(i) 4.3 o+ = ) sn)
Oc Oe
2
Se21(=Se12) = Zo. 7. (5)
2cos(Bl) + 5 <Z0c + Z0€> sin(pl)
. . - . j(ZOO - ZOC) sin(81)
Fig. 3. Schematic of the basic bi-phase reflection-type modulator. Zoe 0o
So11(=S022) = ~ 7 (6)
2cos(Bl) + 5 22 + 2% ) sin(4l)
Hence, the termination’s bias-dependent reflection coefficient Zoe Lo
becomes 2
. 5021(25012) = Z Z (7)
(V) = Yo —G(V) —jB(V) 3) 2 cos(Bl) + j< ZOO + ZOC) sin(1)
YO + G(V) =+ ]B(V) Oc Oo

where Zy., Zo,, and Z,. are the even mode, odd mode, and
B. Basic Reflection-Type Modulator characteristic impedances of the coupler, gfids the elec-

A basic bi-phase reflection-type amplitude modulator igical length of the coupled section. The even- and odd-mode

shown in Fig. 3. It consists of two cold pHEMTs connecteffSPONSes are combined to give two partial matrices

to the coupled and direct ports of a 5@ directional coupler. ©Se11 4+ So11 Sear + Soo1

When a signal enters the input port of the coupler, it is divided 2 2

into two equiamplitude, but orthogonal components. A portion Sa = Seot +Su21 Seir + Soi1 (8)
of these components is then reflected back into the coupler i 5 5 ]

by the drain—source terminals of the cold pHEMTSs. If the - So11 — So11 Seot — Soot 7
gate—source bias of both devices is varied identically, a low 5 5

drain—source resistance will result in a strong reflection with Sy = G, _S S . _g )
a 180 phase shift. As the resistance is raised, the magnitude = 5 ozl 2l 5 oLl

of the reflected component will drop to zero when it reaches
50 Q. As the resistance is further increased, the reflect&¢hich, in turn, are assembled into the complst@arameter
component will increase again, but this time without any phageatrix
inversion. Assuming ideal couplers, the reflected components Seii Sess S.z Sem
will sum at the coupler’s isolated port and cancel perfectly at [Sa] [S] 5621 Scll 5641 5631
the input port. S :[ } = ¢ ¢ ol (10)
: . . . [Si] [Sa] Sear Sear Seir Sezn

Previous analysis of the basic reflection-type modulator and, Sos Sesi Seor Seit
indeed, the entire vector modulator, has assumed that quadra-
ture couplers are ideal [4], [10]. From measuremen@eband Referring to Fig. 3, the response of the basic reflection-type
Lange couplers made at the University of Surrey, Surrey, U.Kknodulator is derived by terminating ports 2 and 3 of the cou-
this assumption has proved invalid. Such couplers have been pler with identical terminations. The reflection coefficient of the
served to exhibit isolation as low as 11 dB and can be underceerminations is given by'. Having done this, the four-port can
pled by as much as 1 dB. This occurs because, as the operatiran be reduced to an equivalent two-port using the well-known
frequency increases, the length of the couplers decreases upact-reduction technique of[12]. This yields tBegparameters of
ceptably with respect to the width and spacing of the interdithe basic modulator scattering maty,,,(I'), shownin (11) and
itated fingers. Furthermore, underpasses or air bridges becqih2) at the bottom of the following page. For an ideal coupler, it
proportionally larger, and have a more pronounced effect on tban be readily shown that (11) reduces to zero and (12) reduces to
coupler’s overall performance. —4I. This latter result clearly indicates that the impedance vari-

A useful model for the Lange couplers can be derived froation of the cold pHEMTS plays animportant role in establishing
elementary coupled-line theory. Although it may not be an ethe minimum insertion loss of the modulator. Equally significant
tirely accurate representationldt-band, it can still yield some is the effect of having nonzero coupler isolation (i%€.4; # 0).
insight into how the parameters of the coupled lines affect ties will be seenin Section V, insufficientisolation presents a clear
vector modulator’s performance. Alternatively, if accurate muleakage path that will degrade the vector modulator’s ability to
tiport measurement techniques are employed (see, e.g., [1&l}ppress the carrier. Equations (11) and (12) also express the ef-
the actualS-parameters of the directional couplers can be uséetts of amplitude and phase imbalances and imperfect coupler
instead of the model. From coupled-line theory [12], the evematching on the basic modulator performance.
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C. Push-Pull (Bi-Phase) Modulator Jnput soupler Basic paic e souper
Ideally, for pHEMT devices with a large resistance variatior @ | ® 0 @ ) @

and a small capacitance variation, the basic reflection-typemo”™ | s; s, = | s.0 [

ulator is capable of full bi-phase operation with negligible inser- © ® 0 ) @ ©

tion phase variation. However, when therstate capacitance T — T —

and the minimunoN-state resistance are significant, the inser- @

tion phase will be nonzero and the minimum insertion loss wil il Ouputcoupler Push-put (i phase)

be poor. If two basic reflection-type modulators are arranged in — —— — —o

. . ® Q @ Q @

push—pull configuration, between two quadrature couplers, tr — s. () s [ E> — s [

insertion phase variation can be minimized, the minimum in o) i 50 " D " "

sertion loss improved, and bi-phase operation largely restore=— — — o

[4], [5]. From the dashed boxes of Fig. 1, this configuration (b)

appears similar to the arrangement used for a balanced am- Pushpul bi-phase) Pushpull biphese)

plifier. For the push—pull mode, however, the output is taken modulator modulator

from the isolation port and the two basic modulators are sup- sog% 1) @ %sog o [ .

plied with complementary control signals. The summation of o s, (1) . |:> el s (D) (@,

the two complementary responses yields a much lavyeorr @ ©)

impedance variation. Previous analysis, that has assumed ideal —

couplers, indicates that the overall push—pull transmission re- ©

sponse is half of the difference between the transmission Fég. 4. Networks used to calculate the response of the push—pull (bi-phase)

sponses of the two basic modulators, when they are Suppli@‘dj”lator: (a) input coupler ca§caded with b_a3|c modulator pair, (b) input
. . . ... .. coupler and basic modulator pair cascaded with output coupler, and (c) final

with complementary control signals. In practice, the finite iSQush—pull (bi-phase) modulator.

lation and impedance mismatch of the couplers complicates this

arrangement, by allowing reflected signals from each of the two . — .
basic modulators to pass into one another. Calculating tha- cadingn-port networks. In (14)° is the complementary reflec-

rameters of the push—pull (bi-phase) modulator involves ca{isqn c_:oeffic_ient ofl". A pair o_freflectio_n coefficients (and their
cading three four-port networks. In the first instance, the inp quired bias levelsy” and V') are said to be complementary

coupler must be cascaded with the basic modulator pair. THgen they give'(V) = —I'(V).

corresponding 4 4 matrices, shown in Fig. 4(a), a% for the ‘ hte matrli:estln (lk3) grjd (1t4h) must novx: bte pzzr_tlt;pn(:-d mtt_o
input coupler ands,,,(I") for the basic modulator pair ourtwo-port networks. Since there are only two distinct part-
tioned pairs for each matrix, the duplicates are omitted and the

[Sc11 Sear Sezr Semn resultants identified by their four-port name. Indexes of 11 and
g — | St Serr Sear Sem (13) 12 are used to indicate where the partitions were in their original
| Sesr Sear Serr Seam 4 x 4 matrix
—Sc21 Sc31 Sc41 Scll S S
/ o cll c4l
M Spm (T)11 0 Spm(T)21 0 Si1 = [5641 Sc11:|
0 Spm (T 0 Spm (T
pr(r) _ [ ( )11 b ( )21 g/ b= chl chl (15)
Spm (I 21 0 Spm ()11 0 ¢ Seco1 Sear
L 0 Spm ()21 0 Spm ()11 0 Sym (D11 0
14 Spp11(I') = _
( ) v 0 Sbnl(r)ll

The prime notation added 8. in (13) signifies that ports 2
and 4 of the quadrature coupler have been interchanged. This Sipa(D) = Spm ()21 0 ) (16)
change is necessitated by the notation requirements for cas- i

r o\ r
256215c315c41 <m) + (5321 + Sc231) <m)

Sbnl(r)ll :Sbnl(F)QQ = Scll + 2 (11)
1— < Sc4lr )
r r ?
2 C C - A~ - 2 2 C I —
Se215e31 <1 — 5c11F> + (S + S351) S <1 — Scllr>
Spm(L)o1 = Spm (D12 = Sesr + (12)

. Sel \?
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Using the expressions for cascadingort networks [12], a new nput coupler modlsion pai el o
set of partitioned scattering matrices is obtained. These are pi>— @ o (@ o (@
of S, (I"), a four-port consisting of the input coupler and the— ¢ s (r.r)[ |:> TS T
. . X pap\lioto) | P A ——
basic modulator pair O ® 0 X 2] @,

-1 (@
Sevp11(l) =Sy + 8212[1 - prll(r)sizll} Spp11(0)S12

; 17) b pis b ector modotor
Sapiz(l) = [Seas ()] - ENE . — .
. RO (YR ) S, |9, 5> O|s.n) |0
= 8212[1 - prll(r)slcn} pr12(r) (18) @0
-1
Sap22(L') =Sepn () + pr12(T)[I - Si:llsbpll(r)} ®)
P Fig. 5. Networks used to calculate the response of the complete vector
: ScllsbPIQ(F)- (19) modulator: (a) input coupler cascaded with push—pull (bi-phase) modulator
pair and (b) input coupler and push—pull pair cascaded with output (in-phase)
combiner.

In the above expressionE,s the identity matrix| ]=* signi-
fies the matrix inverse, and]” signifies the matrix transpose.
Having done this, it is now possible to derive the scattering m
trix for the entire push—pull modulatas,,(I") by cascading
the new four-porS,,,,(I") with the output four-port couples’..
This step, which is illustrated in Fig. 4(b), yields a set of equa-

ggjusted td'; andl'g, respectively. If this matrix is partitioned
as in (16), the resulting submatrices of the push—pull modulator
pair (pmp become

tions similar in form to (17)—(19) Spp11(T )11 0
Spnlpll(FI? FQ) =
0 Spp11(l'g)1
Spp11(T) =S,p22(T)
pp pp ) 1 Spp12(r)11 0
= Scbpu(l“) + Scbplg(r)[:[ — Scll SchQQ(F):| SpnlplQ(Ffv FQ) = 0 Spp12(FQ)11 . (23)
: Séllscbm?(r) (20)
Spp12(l) = Spp21 (1) To determine the scattering matrix of the combined input cou-

= ScbplQ(F)[I - séllscbp”(r)} _lsfcm_ (21) pler andpmp the four-port cascade technique must be applied
once again. As shown in Fig. 5(a), the first matrix is giversly
and the second is represented by its partitions in (23). The com-
Since ports 2 and 4 of the push—pull modulator are terminatplkte four-ports-parameter description of the cascaded network
in 50 2 loads,S,,,,(I") can be reduced to an equivalent two-pors$......,(I's, I'q) is given by a new set of partitions
network by extracting the upper leftmaStparameters of the
four partitions given in (20) and (21). Referring to Fig. 4(c), the

reduced scattering matrix for the push—pull modulator is Sepmp11(I'1, I'g)
-1
=8, + 5212[1 = Spmp11(L'r, FQ)S£:11:|
S ()= Spp11(I11 Sppr2(I)11 ' (22) Spmp11(T'1, T0)S 10 (24)
Sppr2(D)11 - Sppr1(M1 Sepmp12(T1, To)

= [SCPWPQI(FL FQ)}T

D. Complete Vector Modulator = Sélg[I — Spmp11 (L1, FQ)SZ;11:| Spmp12(L'1, T'q)

The complete/—Q vector modulator is realized by splitting (25)
the input signal into orthogonal channels, modulating each on§,.,,,,,,.22(L'7, I'g)
independently, and summing the resultant. Since both indepen- _
dent push—pull modulators are bi-phase, they can be used to Spmpna (L1, To) + Spmpl?(r_]{ le)
form the axes of a two-dimensional space that spans all four - [I —8%11Spmp11(Lr, FQ):| S, 11Spmp12(lr, Tg).
transmission vector quadrants. Summing is achieved using an (26)
in-phase power combiner. Mathematically, the procedure for de-
termining the overall vector modulator response is very similar
to that used for the push—pull modulator. Referring to (14), tiorts 3 and 4 of the combined input coupler and pmp can now
entries for the two basic modulators are now replaced by the summed using a three-port in-phase combiner. To do so, port
S-parameters for two push—pull modulators with terminatiorBsmust first be terminated by a 584oad andS.,..,(T's, I'q)
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represented as a three-port network. The reduced matr 6’} Tx vector <]
S. (L1, Tg) is then partitioned as follows: , modulator
pmp Medium power S0t Té T
, transmitting device = Xrbigaryu
Scpmpll(rfv FQ) = [Scpnlpll(rfv FQ)11:| waveform
’ generator
Sepmpr2(L1,Tq) = [Scpmpm(Fb L) Sepmpr2(L'r, FQ)12} L o]
S, 21(l'7, T o)1 Baseband Rx vector ‘_<]‘_<]
Si:Prnp?l (F17 FQ) = e ( 7 Q) receiver modulator
Scprnp?l (F[, FQ)QI Rx mixer LNA
! —
SCPWPQQ(FLFQ) - [Scpmp?? (FLFQ)H] (27) Fig. 6. Proposed software radar including transmitter and receiver vector
modulators.

For the three-port output (in-phase) combiner, the partitioned

su_bmatn(_:es are deﬂ_ne_d in termsparameters assuming portby the terminations. For ideal complementary terminations (i.e.,
3 is the signal combining port I'; = —T';andl'g = —T), it can be further reduced to

Soc Soc 1 .

Socll = 2 23 S’U’nl?l(rl7 FQ) = S’U’nll?(rl7 FQ) = -3 |:FI + JFQ:| . (34)
Soc32 Soc33 2

minimum inherent insertion loss for tHe(} (push—pull) vector

modulator is 6 dB. This is consistent with the expected behavior

of a two-channel passive vector modulator.

Soc3l

[S 21] Thus, assuming perfect components (including | < 1), the
Soc12 = o

Soc21 = |:Soc12 Soc13:|
Soero = [S(,cu]. (28) I1l. A PPLICATION TO 76.5-GHz RADAR SYSTEMS

The overallT—Q vector modulator response is now determined At Present, the majority of reported 76.5-GHz radar chipsets
by cascading the two three-ports of Fig. 5(b) to obtain the fink31-[9] consist of several fundamental building blocks, namely:

scattering matriXs,,,,(I';, I'g). Its S-parameters are given by 1) a stabilized signal source; 2) a directional coupler; 3) a PA;
4) a low-noise amplifier (LNA); and 5) a mixer. If two vector

Sem11(L'r, T'g) modulators are added to this basic chipset, the radar can be soft-
=9, pmp11 (L7 Lo)+S., omp12(L7 LQ) ware adapted, using an arbitrary baseband waveform genergtor
-1 and DSP-based receiver, to employ any number of modulation
. [I—Socnsﬁ;pmpn(ﬁ, FQ):| Soc11Spmp21 (L', T'g)  formats including FMCW, FSK, pulsed FM, pulsed AM, and/or
(29) polyphase code. Given that a medium power transmitting device
(suchas a Gunn)is used as a fixed-frequency source, it may even

Sem12(I'r, Tq) be possible to omit using a PA and an output filter. The poten-

=Sumn(l'r, [q) tial applications of this software transceiver architecture are by
—1 L . ..

/ I, T [I—Sop g/ I, T } S.. no means limited only to automotive radar. Indeed, similar pro-
eomp127 TQ) 11Sepmpr(1r: To) 2 posals have been made for millimeter-wave software radios [3].

(30) A schematic of the software radar is shown in Fig. 6. Essen-
Sum22(L'r, T'g) tially, one vector modulator is used to generate a radar signal and
-1 a second is used, in conjunction with a DSP baseband integrator

= S,2+S [I—s' (7, To)S ] ; :

0622 oc2l epmp22\* 15 2 QJPocll and threshold detector, to form a cross-correlation receiver. To
-SQW,QQ(F 7, 1'9)Soc12. (31) appreciate the architecture, consider an arbitrarily modulated

. . L continuous wave (CW) waveform
Equations (29)—(31) give a full description of the vector modu-

lators behavior and account for all of the imperfections present v(t) = A(t) cos [wt + 9(t)} . (35)
in the quadrature couplers and the output (in-phase) combiner. L
For ideal components matched to @0the expressions can beExpanding it into/ and components

reatly simplified as follows:
greaty simp o) = 20 o [6(1)] cos(wr) - A® o [o(0)] sim(ot)
S’Urnll(rlv FQ) = S’Urn??(rlv FQ) \/E \/E (36)
=0 (32)
Sum21 (L1, T0) = Sum12(Lr, To) To apply this modulation to thé—Q (push—pull) vector mod-

1 _ B ulator, the basebanf and ¢ signals (and their complements)
=-2 [(FI—FI) +j (FQ—FQ)} (33) must be predistorted to correct for the nonlinear relationship
between the drain—source impedance and applied gate bias of
Equation (33) is an important result because it clearly illushe cold pHEMTSs. The resulting waveform is then transmitted
trates how the vector modulator’s transmission response is ded received some time later and remodulated by the refer-
pendent on the range of reflection coefficient values assumekce modulator. This is the first requirement for a cross-correla-
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tion receiver, whereby the transmitted modulation is effectively
being compared to a stored replica. After some manipulation,
the input to the receiver mixer is

vrx (t) = % oS [H(t)} cos |:w(t—7')+9(t—7'):|
—% sin [H(t)} sin [w(t—T)+9(t—T):|.

(37)

Downconverting to baseband gives

7A(t);4\(/t§_ 7) cos {w'f — [6(t) +6(t — 7)] }
(38)

UBB(t) =

To complete the correlation of the transmitted signal with the
received signal, the baseband output should now be low-pass
filtered or integrated and dumped to a threshold detector. The "
signal seen by the threshold detector at tifnis

Microphotograph of the MMIG—Q (push—pull) vector modulator.

50 mUnits per division
90

1t
Vet (t) = m/o ABA{E —T)
- oS8 {w'r — [6(t) +6(t — 7)] } dt. (39)

The receiver then adjusts the relative delays between the trans-
mitter and receiver modulation patterns to test for the presence
of a target. When the output of (39) is maximized, an estimate
of range can be extracted. Automatic gain control is provided by
scaling the amplitude response of the receiver vector modulator.
Using the same hardware components as shown in Fig. 6, the
software radar can be adapted to operate in an FMCW mode.
This is achieved by reprogramming the baseband waveform
generator to output chirp-up modulation for the transmitter
and chirp-down for the receiver. In addition, the integrator and
threshold detector are replaced by a fast Fourier transformg. 8. Measured static constellation.
(FFT) detector. Since both of these baseband functions can be
realized using the same DSP, only a software change is require

270
CW 76.5 GHz

gs a final note, the examples presented here are but two of

is to remodulate the incoming sianal with dratic oh ﬁ1any possible modulation and processing schemes that can be
S to remodulate the incoming sighal with a quadratic phag ., 4qated by the software radar architecture.
term that is opposite in sign to that used in the transmitter. This

has the effect of removing the chirp modulation. The required
modulation terms for this operation are

A=At —7) =1

IV. STATIC S-PARAMETER MEASUREMENTS

Based on the principles presented in Section Il, a 76.5-
GHz vector modulator was designed using microstrip on

o(t) = —pit? 1004:m-thick GaAs. The final MMIC, shown in Fig. 7, was
2 ) fabricated by Marconi Caswell Limited, using their H40
ot —7) = it — ) (40) Process. It has dimensions of 2 mml.6 mm. With the excep-

2 tion of the short 5Q2 interconnecting lines, at the input and
where ‘" is the frequency ramp rate for linear FM. Substitutingutput of the push—pull (bi-phase) modulators, the MMIC is
these terms into (38), the baseband output becomes completely represented by the expressions given in Section II.

1 2 These omitted elements are significant, but since they affect
vpp(t) = 23 cos <w'r + ptT — %) (41) both the in-phase and quadrature channels equally, they simply

attenuate and shift the phase of the overall response without
which is the beat signal for two time-shifted linear FM wavemtroducing any distortion. One additional advantage of this
forms. The beat frequencfir = p7/27 is directly related to vector modulator is that it can be fabricated on a process that
the rangeR? = n fire/ . This FMCW mode is, itself, quite ad- is for significantly lower frequency designs. Although the H40
vantageous because it only requires a fixed-frequency oscillappocess is technically limited to designs below 40 GHz, the
and is capable of generating an exceptionally linear frequenggctor modulator is able to exceed this boundary because it is
ramp [13]. biased to operate in a passive mode.
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Fig. 9. Extracted 64-QAM constellation. Frequency (GHz)

In previous studies of vector modulators, stafigparam- Fig- 10- Transmission response versus frequency.
eter measurements are typically presented in terms of ideal

calibrated constellations [1]-[5]. Although this is suitable for R A et A

qlemonstrating that such C(_)nstellations are possible_, _it do  _____ ,,;z_leij:_Oj}V,zz_ojw,,;:,lj? v

little to expose the underlying behavior of the circuit itself. -l V,==03V ¥V, =-17V V=03V Vs=-17V
— ‘

modulator is shown in Fig. 8. The results were obtained b
sweeping thd and( control voltages (and their complements)
over a two-dimensional array using a computer-controlle
measurement setup. Both the in-phase and quadrature con
inputs were swept from-2 to 0 V, in steps of 0.016 V, giving
an array of 16384 points. For clarity, only one-quarter o
these points are actually plotted in Fig. 8. From this figure, th
various amplitude and phase imbalances become apparent.
particular, the entire dataset appears shifted toward the fir
guadrant, and the third quadrant is rather sparse. This mee
that, for modulated waveforms, the effective insertion loss i : — : ‘
only as good as the worst quadrant. Having sampled such 66.5 715 76.5 81.5 86.5
large range of data, it now becomes simple to extract specif Frequency (GHz)

static constellations. For 64 QAM, the desired amplitude and

phase states are specified and a computer program is uSgdll. Inputioutput return loss versus frequency.

to search through the data to find the best possible match at

The complete range of transmission states for this vect o7

Return loss (dB)

each constellation point. Applying this approach, the 64-QAM PCwith2
constellation for the vector modulator is shown in Fig. 9. I{zbgrlE;ggomcs
(elels
_The magnltude_of the transmission response is plotted il ACPLIOL Zv:;:rg;g:s ACP110L probe and W281D

Fig. 10 as a function of frequency (66.5-86.5 GHz). In ordet probe ° 1.0 mm coax. to WR-10 adapter
to avoid cluttering the figure with curves, only four represen- ! 7'Q 0

. . . Y VY ¥
tative responses are given. These correspond to four differe 510K edtor 11970W | _tF [ 8563E
transmission levels. For the lowest insertion loss, i.e., 12 dB| cw mode modulator ha;g‘;’;‘“ e Sifacl‘;‘;‘e‘:

the variation with frequency is approximatety0.1 dB over
a l-GH_z bandyvidth._ This increases to _approximatety dB Fig. 12. Spectrum measurement setup.
at the highest insertion loss state. The input and output return
losses are shown in Fig. 11 where each one of the four states
represents the response in a different quadrant. The worst-case
input return loss is 15 dB and the worst-case output return lossBased on the static constellation measurements, three dif-
is 8 dB. ferent output waveforms were generated from the vector mod-
The static constellations and frequency responses for thlator: FMCW, 64-QAM, and small-shift frequency translation
vector modulator were measured using an Agilent 8510XBSFT). A pair of two-channel Tabor Electronics Ltd. Model
vector network analyzer and a Cascade Summit 9000 on-waf@23 PC-based waveform generators were used to generate the
probe station. baseband signals, as shown in the measurement setup of Fig. 12.

V. MEASURED MODULATION SPECTRA
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Each unit can generate two independent 12-bit arbitrary signal o ; . o
that are specified by a data fil_e_with a maximum sample rate 0 Pe R o iz
50 Msamples/s. By synchronizing two generators together, it is® | =ss{. 67 oam ]' r\ :
possible to generate the required complementary signal pairs fc - i Mu {l ll
the and@ channels. The 76.5-GHz carrier is generated using .:"”\ /r -H ”,"—N - -
the CW mode on the Agilent 8510XF vector network analyzer . oy \/"% - .
and injected into the vector modulator using Cascade ACP110! V ’

1.0-mm coaxial probes. The resulting modulated signal is thel ?
extracted from the chip using a similar probe, injected into a ?
W-band harmonic mixer via a 1.0-mm to WR-10 adapter and [ : ]
displayed on an Agilent 8563E spectrum analyzer. CENTER 76 .500046Hz SPAN 10 . COMHEZ
For the FMCW demonstration, a 32 678 sample sequence we»RBw 10kHz »VBW 300H=z SWP 8.40sec
extracted from the measured static constellation. The proced'L_Jire 15. 64-QAM spectrum
is to specify the required value of the complex transmission cos P '
efficient for every sample and then to search through the static . . :
constellation data until each point is matched with an equivaleé?n(10 Msamples/s)/16& 625 kHz bandwidth. From Fig. 13,

measured value. The desired transmission response as a fun tra_ll features are appar ent. Firstly, the presence O.f the car-
of time is given by rier indicates that the isolation of the Lange couplers, discussed

in Section 11, is insufficient and leads to a significant leakage
ut? ut? path. Secondly, the presence of a partial lower sideband suggests
COS< ) +J Sin< ) (42)

Sn(t)=A - that thel and@ channels are not sufficiently synchronized with

each other to provide the required cancellation. This problem
where A is an amplitude correction term to accommodatis not inherent to the concept of the vector modulator; rather,
for the fixed insertion loss of the vector modulator. Once thiis a fault with thisspecificmeasurement setup. By improving
optimal measured value for each sample is known, a list tife synchronization and reducing the oversampling rate slightly,
sequenced control voltages can be generated. For FMCW, gheider bandwidth is possible. For the automotive radar appli-
maximum bandwidth that can be digitally generated is limitechtion, the required range resolution is less than 0.5 m, which
by the Nyquist sample rate, which is one-half of the wavefornequires bandwidths of the order of several hundreds of mega-
generator's maximum sample rate (in this case, 25 MHZ)ertz. Although waveform generators capable of these band-
However, the resulting waveform is highly distorted. In ordewidths exist, they are currently expensive and consume pro-
to reduce the distortion and represent the highest frequendidsitive amounts of power. Nevertheless, low-cost low-power
in the linear ramp clearly, it is necessary to oversample. Thaits may be available in the future.
frequency ramp ratg (rad/€) can be calculated from Fig. 15 shows the 64-QAM spectral response of the vector
5 modulator with the correspondinf and @ baseband signals
- M (43) shown in Fig. 16. The symbol rate was 1 Msample/s, giving
MN an equivalent data rate of 6 Mb/s for 64 QAM operating at a

where fsample iS the sample ratél/ is the oversampling factor, frequency of 76.5 GHz. The main purpose of this experiment
and/ is the total number of samples in the sequence. Figs. Was to demonstrate that the same vector modulator generating
and 14 show the FMCW spectrum and correspondiagpd?® an FMCW signal could be adapted to generate a polyphase code.
baseband waveforms for the case thiat.,,.e = 10 Msam- 64 QAM was chosen because it exhibits an easily identifiable
ples/s,M = 16, andN = 2'5. This yields a waveform with spectral response in the absence of any pulse shaping.
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Fig. 18. I and( baseband signals for SSFT.

Fig. 17, the lower sideband rejection is 24 dB. It can also be seen
that the original local oscillator (LO) signal is still present after
the SSFT is applied. This is due to inadequate Lange coupler
isolation.

VI. CONCLUSIONS

The I-Q (push—pull) vector modulator is an ideal circuit for
use in software radar. Without changing the front-end hardware,
it enables the radar to adapt between modulating waveforms
simply by changing the data stored in the memory of the ar-
bitrary waveform generators and by reprogramming the base-
band receiver electronics. The vector modulator itself is quite
simple to design, as it is merely an arrangement of couplers and
cold pHEMTSs. Furthermore, it is compact and promises to have
high yield because the devices are biased in a resistive mode.
The degradation in modulation performance can also be mini-

The final measured spectrum demonstrates the vector mothized. Following a detailed theoretical analysis of the circuit,

lator’s ability to perform SSFT. This has recently been shown

tbe principal sources of degradation have been attributed pri-

be an ideal technique for performing channel selection in a miharily to imperfections in the couplers and practical limitations
limeter-wave software radio [3]. SSFT is effectively a singlesf the variable resistive elements. With better couplers and suit-
sideband modulation that results in a tone appearing aboveably designed pHEMT devices, the performance of the vector

below the suppressed carrier. In terms of th€ vector modu-

modulator could be substantially improved.

lator, the required baseband signhals can be derived as follows:

u(t)

Cos PW(fLo + fshift)tJ
Cos [27r fshiftt:| Cos [27r fLot}

— sin |:27Tfshiftt:| sin |:27TfLot:| .

(44)

From whence the basebahdnd(@ signals can be extracted
I = cos (27rfshiftt) andQ = sin (27rfshiftt) . (45)

When applied to the vector modulatofsand @ channels, the
result is to shift the carrier by an amount equivalentfigs: .
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